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Department of Energy 
Fernald Environmental Management Project 

P.O. Box 398705 
Cincinnati, Ohio 45239-8705 

(51 3) 738-6357 

M A N O  2 

DOE-1009-92 

Mr. James A. Saric, Remedial Project Director 
U. S. Environmental Protection Agency 
Region V - 5HRE-8J 
77 W. Jackson Boulevard 
Chicago, I11 inois 60604 

2909 

Mr. Graham E .  Mitchell , Project Manager 
Ohio Environmental Protection Agency 
40 South Main Street 
Dayton , Ohio 45402-2086 

Dear Mr. Saric and Mr. Mitchell: 

TRANSMITTAL OF INFORMATION ON PARTITION COEFFICIENTS (Kds) 

In response to the request made by the United States Environmental Protection 
Agency's Biological Technical Assistance Group regarding information on 
partition coefficients (K,s) used in fate and transport modeling, we are 
enclosing a copy of narrative, tables, and a list of references on this 
subject from the Risk Assessment Work Plan Addendum, February 1992. 
supplement to this information, also enclosed are copies of selected reference 
materials pertaining to the subject. 

As a 

If you or your staff have any questions, please contact me at FTS 774-6159 or 
(513) 738-6159. 

Sincerely, n * 

FN: Crai g 

Enclosure: As Stated 

u r o j e c t  Manager 

- . _  
@ Rec!ded and Rec.vclable - r. 

f 



cc w/enc. : 

J. J .  Fiore,  EM-42, TREV 
K. A. Hayes, EM-424, TREV 
J. Bene t t i ,  USEPA-V, AT-18J 
M. B u t l e r ,  USEPA-V, 5CS-TUB-3 
3. Kwasniewski, OEPA-Col umbus 
P. Har r i s ,  OEPA-Dayton 
T. Schneider, OEPA-Dayton 
T. W. Hahne, PRC 
L. August, GeoTrans 
R. L. Glenn, Parsons 
D. J .  Carr, WEMCO 
L. S. Farmer, WEMCO 
J. P. Hopper, WEMCO 
AR Coordinator,  WEMCO 

cc w/o enc.: 

N. E. Hopson, A S I / I T  
J .  E. Razor, ASI/ IT 
J .  D. Wood, A S I / I T  
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obtained from sire RI/FS samples. Additional data may be obtained from porosities listed in 
published tables found in Morris and Johnson j1967), Dri s~d l  (1986). and van der Leeden et al. 

7 (1gw. 

6.1.4.5 Vertical Seeuaee Velocitv 
The estimates of the flow parameters were used to calculate the seepage velocity for input into 
the vadose =ne transport model. To determine whether flow was occurring as a saturated front, 
infiltration (9) was compared to the verticai hydraulic conductivity (I&). If q 2 & it is assumed 
that saturated conditions exist and velocity is calculated based upon the following formula: 

05-31 

where 

Vp = Seepage velocity (mis) 
& 
i = Hydraulic gradient (mim) 
n = Porosity (uniiiess) 

= Vertical hydraulic conductivity (mis) 

If q < $. i t  will be  assumed that a seepage would not occur under saturated conditions and the 
following iormula would then b e  used to calculate the seepage velocity: 

v, = q/e 

where 

q = Infiltration (mis) 
8 = Moisture content (unitlcss) 

Based on the assumptions 0 1  steady-stale moisture content. the selected K value. and using the 
best field data avaiiable for hydrauiic gradient. the calculated seepage velocity will be conservative 
and tend to overestimatc the rate of fluid movemcnt. 

6.1.4.6 Partition Coefficienw 
As contaminated leachate flows through a geologic formation. the individual contaminants may 
react with the solids in the formation in a varicty of degrees and ways. This slows the transport of 
these contaminants. Partition coefficients. o r  "K,'s". are used to account for this phenomenon in 
the transport equation. A contaminant's K, expresses the ratio of its concentration in the solid 
and liquid components in the groundwater tlow system. at a given location in that system. The 
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use of I(d values assumes that a linear equiiibrium relationship exists between the solid and 
solution phase concentrations of a contaminant. 

Site-specific 
site. A literature search wiil be completed to determine appropriate $ values for the remaining 
inorganic and radioactive constituents. Values found in the literature search wiil be  carefully 
screened to select those values that will be derived under conditions that approximate those at she 

FEMP. 

vaiues are currently available only for some mobile uranium compounds at the 

When parameter values derived from literature are used. it is imperative that & values from 
similar environrnenrs be considered. Similar soil types and water compositions should be used to 
generate the values. Criteria used to determine similarities in soil types include: pH. E,, mean 
arithmetic particle diameter. total organic carbon I TOC). cation exchange capacir), (CEC), and 
free ion oxides (FIO). This may .prove difficult in terms of matching groundwater compositions 
because most studies use dilute acid solutions spiked with the compound of interest and do not 
represent natural conditions. However. these studies can provide an initial estimate of interaction 
between the contaminant and the solid matrix. The use of literature K, values may result in 
retardation values that differ from site-specitic conditions. and would result in uncertainty in the 
estimate of contaminant concentration at  the  receptor. 

When a site-specitic or literaturc-bascd K, value is not available for a given organic chemical. its 
I;d value can be calculated. using a n  oreanic carbon partitioning coet'ticient. or "Km". the amount 
of carbon present in the soil matrix. and the sizc distribution of the matrix material in the vadose 
zone I Mills et ai. 1985): 

where 

& 
I& 
f 

x'p. xoc 

= Soil partitioning coefficient ( m u g )  
= Organic carbon partitioning coefficient (mUg) 
= Mass fraction of silt or clay (unitless) 
= Organic carbon content of sand (unitless) 
= Organic carbon content of silt-clay (unitless) 

The numerical values for (0. (xsoc). and (xfm) will be site-specit'ic. The K, is the partition 
coefficient of a contaminant between watcr and a 100% organic carbon representing the organic 
material present in soil or sediment. Chemical-specilk values for K, are available in the 
literature for many orsank compounds. Additional K, values may be calculated using empirical 
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formulas relating the octanoi-water partitioning coefficient (K,) to the & The I&, (mud) 
is the ratio of a contaminant's concentrations in a system containing water and octanol. The 
&s For the remaining constituents of concern are found in the U.S. EPA Water En&eering 
Research Laboratory Treatability Database. Cincinnati. Ohio supplemented bv Howard (1990), 
Montgomev (1990 and 1991). and Verschueren (1983)- if necessary. The formula (Mills et al. 
1985) used to relate K, to K, is: 

This approach of using empirical relationships assumes K, is problem-specific because it depends- 
on both the chemical modeled and the soil typc. while K, is a property only of the chernicai 
modeled. [While this approacfi is generally acceptable. CIeary et ai. (1991) present laboratory 
evidence ior five voiatile organic compounds in eight different soils which shows Kac is not a fi& 

property of the chemical in question.! Their study raises questions on the standard use of K, 
values. However. the standard approach given bv Equation 6-6 appears to be reasonable given 
the lack of site-specific data. 

- 

Estimated & values for the  major contaminants at the FEMP have been determined and are 
presented in Tables 6-3 and 6-4. Chemical forms ot' these radionuclides and metals generally have 
significant effects on partitioning coefficients and will be evaluated along with site-specific 
analvtical data. Radioactive decay products (progeny) of the  radionuclides at the FEMP may not 
have the same partitioning coefficients as the parent. The  impact of such differences on fate and 
transport modeling results will be cvaluatcd. These estimates 0 1  K, values are acceptable €or 
screening purposes. and conservative transport assessment. 

The partitioning coefficient may also used Lo dcrive a rctardation factor (Rt). Though the K&f 
formulation of the reaction term of the transport equation has numerous assumptions and 
uncertainties associated with it. i t  nevertheless provides a practical means of incorporating the 
reaction process into transport models. 

6.1.4.7 Effects of Radioactive Decav and Biodeeradation 
Nuclear. chemical. and biological processes play major roles in the fate of some conraminants, and 
are thus an important aspect of all fate and transport modeling. For example. concentrations of 
both radioactive isotopes and organic compounds remaining in the environment €or long periods 
would be greatly overestimated without accounting for the effects of radioactive decav and 
biodegradation. Therelore, information about radioactive decay and environmental degradation is 
used in several of the  transport models. 
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TABLE 6-3 
PARTfITONING COEFFicIENTs FOR 

RADIONUCLTDES AND INORGANICS AT THE FEMpa 

P u - m  

Pu-239R40 

Ra-224 

Ra-226 

Ra-22S 

Ru- 106 

Sr-YO 

TC -99 

1 
2 
3 

1.70E+0.1 I Glover CI. al. 1076 1.00E+02 Glover et. ai. 1976 

1.70E+03 Glover el. at. 1976 1.00E+02 GIover et. ai. 1976 

6.%E+02 Gillham el. at. 1981 1.06E+02 Shcppard et. al. 1984 

6.%E+02 Gillham et. at. 1981 1.06€+02 Shcppard et. al. 1984 

6.96€+02 Gillham el. at. 1981 1.06E+02 Shcppard et. al. 1984 

8.00E+02 Sheupard & Thibaull 1990 S.SOE+OI Sheppard & Thibautt 1990 

1.001~+01 Sheppdrr! et. ai. tY84  250E+00 Sheppard el. at. 1984 

1,18F.-01 1 Sheppra el. at. 1984 7.00E-02 SheDpard et. al. 1984 

. .  
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.3.00E+0.1 Pb-210 Gemtse et. at. 1982 

Th-228 j . d ~ k + O t  1 Sheopra 'IhihdUlt I~FN I 
Th-230 S.80E+03 Sheppard & 'lhihauli IYW 

nl-232 S.BOE+O3 Sheppra Sr 'Thibauli 1990 

u-214 l.8OE+00 DOE 1969 

U-21SR% IBOE+GU DOE 1989 

U.218 I.SOt-:+00 DOE I9S'l 

.1.8OE+OI Raj and Zachara 1984 

3 . 2 0 ~ + 0 3  Sheppara A 7hibauli 1990 

3.20&+0.1 I Sheooard & Thibault 1990 

3.ZOE+03 Shcppard & Thibault 1990 

1.48E+00 DOE 1989 

l.JSE+OO DOE 1989 

1..1SE+00 DOE 1989 
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TABLE 6-3 
(Continued) 
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TABLE 6 4  
PARTITIONING COEFFICIENTS FOR ORGANIC COMPOUNDS ATTHE FEMPB 
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TABLE 6 4  
(CoUtinued) 
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m n e  

Teetrauuorocthcnc 

TABLE 6-4 
(Continued) 

l.ZE+03 1 .S 1 E +OS 934E+04 290E+03 

3.398+02 L13E +02 6.498+00 LSOE+OO 

Toluene I &90E+02 

Trichlorocthtnc 3.39E+02 

Tom1 Xylenes I. 10E+03 

Vinvl Chlondc T98E+00 

1 

3.09E+02 9.388+00 J.OSE+OO 

t13E+02 6.498+00 2SOE+OO 

6.93E+02 2.1 IE+01 9.WE+OO 

2.5 1 E +oo 7.62E-02 3.298-02 

2 

3 

4 

5 

6 

a This taole presents default values. which are subjm to chanpe. aased on FEMP-site site-speatic data. 
Kow taken trom €PA Treataoilitv Database ( 1990). 
Calculated by Equaiion h-5. 
Kow data are noi available in the €PA Treatability Database ( 1990). Kow data from Howard (19901. 
Kow data are not available in the EPA Treatability Daiabase I 1990). KO, data from Montsomery et at. (1990). e 
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APPEblbIX E: UATEB PATBydY FAcroBs 

Water pachway factors are components o f  the environmentaL transport 

factors fat water-dependent ingestion pathways. A water-dependenr ingestion 

2athway can be divided :,?to two segments: (1) a water 2achway segmmr;, 

extending from the contaminated zone t o  a point where transport through the 

food chain begins ( a  veil or surface water body), and ( 2 )  a food chain pathway 

segment, extending from the point of entry of a radionucLide from water into 

the food chain to a point of human exposure. Transport through the water 

pathway segment is characterized by a vater/soil concentration ratio, defined 

as the ratio of the concentration of the radionuclide in water used for  

drinking, irrigation, Or LiVeStOCk Water t o  the concentration in the 

contaminated zone. Transport through the food chain  pathway segment is 

characterized by a vatet exposure factor, defined as the ratio of the quantity 

of a radionuclide ingested annually t o  the concentratim in water used for 

drinking, irrigation, Or livestock water. The environmental :ransport factor 

for the water-dependent ingestion pathway can be expressed as a product of a 

vater exposure factor and a uater/soil concentration racio: 

where 

EIFipqr(t) = E ( t ) / S i ( t )  = environmental transport factor at time t 

for the ith principal radionuclide transported chrough the 

pqrch ingestion pathway (g/yr) -- E i p q r ( t )  is the rate of 

ingestion (pCi/yr) at time t of the i C h  principal radio- 

nuclide cransported through the pqrth pathway from the 

ipqr 

20 
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contaminated zone to a point Of h W n  exposure and S i ( t )  

is the averaqe concentration (pCi/g) at time t of the ith 

principal radionuclide in the contaminated zone, 

p I  q, r = pathway indices -- the indices p and q identify the food 

chain segment of the pathway (see Table 2.1 and Equa- 

cion D . 1 )  and the index r identifies the water pathway 

segment, i.e.? che segmenc from the contaminated zone t o  

well water (r = 1) or surface water (r = 2 ) ,  

WEFipqr(t) = Eipqr(t)/Wi,(t) = water exposure factor at time t f o r  the 

i th ?rincipai radionuclide transported through the pqr th 

pathway itom the point of water use to the point of expo- 

sure ( L / y r )  -- Eipqr ( t )  is the rate of ingestion (pCi/yr) 

at time c of the ith principal radionuclide transported 

through the pqrth pathway, and wi,(t) is the concentration 

in water (pCi/L) at time t of the ith principal radio- 

nuclide transported through the rth water pathway segment 

at the point of entry i n t o  the pqth food chain, and 

wsait(t) = wir(t)/s;(t) = wacet/soil concentration ratio at time t 

f o r  the rCh water pathway segment (g/L) -- Wir(t) is the 

concentration in water (pCi/L) at time c of the ith 

principal radionuclide transported through the rth water 

pathway segment at the point of entry inco a food chain 

pathway segment, and S i ( t )  is the average concentration 

(pCi/g) at time t of the ith principal radionuciide in the 

contaminaced zone. 

& 
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The water exposure iactor !dEFipqr(f) is discussed ia Appendix D. The 

-aacerlsoil concentration racio WSRit(t) is discussed as follows. 

X WSR is determined by che rate at which a tadionuciide is Leached from 

:he contaminaced zone, the time f o r  this radionuclide to be transported along 

[he wacer pathway from the boundary of the contaminated zone to the point of 

*dater use, and the dilution that occurs along this pathway. The model for 

estimating radionuclide leaching and formulas for calculating the Leach rate 

are given Ln Seccion E.I. Fonuulas that relate the radionuclide concentration 

in water at the point of use to parameters that characterize the leachinq and 

:ransport ?recesses are derived. in Section E.2. 

E.l MDIOWCLXDE tEBCHIElC E'ROH TEE CONTAMINATED ZONE 

Radionuclides adsorbed in soil are subject: t o  leaching by infiltrating 

uacer. Zadionuciide Leaching from the contaminated zone is the source for 

groundwater contamination. Thereiore, the first step in calculating 

radionuclide concentrations in groundwater is to estimate the Leaching of 

radionutiides from the contaminated zone. 

.A sorption-desorption, ion-exchange Leaching model is used in the 

BESRAD code. This model is characterized by a nuclide-dependent, first-order 

leach rate constant, Li, which is defined as the fraccion of available 

radionucLide i leached out per unit time. The radianucLide release race 

(source strength, in Ci/yr), Ri(t>, can be wrirten as (Yu 1987): 



.-_ 
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where 

Li = Leach rate for radionuclide i ( y t " ) ,  

(") = bulk density of che contaminated zone (kg/m3), 'b 
2 A = area of the contaminated zone (m 1, 

T ( t )  = thickness of the contaminated zone at time t (m),  and 

s i ( t )  = average concentration of the ith principal radionucfide in the 

contaminated zone available for Leaching a t  time t (pCi/kg). 

The first-order leach rate constant used in the current version of 

R E S W  is a time-independent radionuclide Leach rate constant :Sac- is 

estimated bared on the soil .  residence time f o r  the initial thickness oi the 

contaminated zone. A time-dependent radionuclide Leach rate constant f o r  

radionuclide i, Li(t), may be written as 

where 

I = infiltration rate (miyr), 

e ( c z )  = volumetric water content of the contaminated zone, and 

R i C f )  = retardation factor in the contaminated zone f o r  radionuclide i 
L 

(dimensionless). 

The infiltration rate is given by 

I = (1 - Ce)[(l - Cr)Pr + srt 1 (E.4) 

-. - . 

23 
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uhere 

C, = evapotranspiration coefficient (0.7, dimensionless), 

C, = tunoff coefficient (0.6, dimensionless)., 

P, = precipitation rate (annual rainfall, 1.0 m/yr) ,  and 

Xrr = irrigation rate (0 m/yr). 

Coefficient is used rather than the average evapotranspiration race (see 

Cetaghty et al. ( 1973) for U.S. average). Using the average evapotranspi- 

tacion rate  does not take inco account the correLation between precipitation 

and evapotranrpiracion and, f o r  arid regions, can give a spurious negative 

infiltration rate. The evapotranspiration coefficient is related to the 

evapotranspiration race by the fotmula C, = E t / [ ( l  - Cr)Pr + Irrl. Runoff 

coefficients f o r  a specific s i t e  may be obtained from Table E.l. It is 

assumed that irrigation water is controLLed by ditching or by the duration of 

applicacion so that none will be lost by runoff. The default irrigacion rate 

is for humid regions where irrigation is unnecessary: an appropriace generic 

vaiue i o r  arid regions would be I,, = 1 m/yt. Site-specific values f o r  the 

precinitacion and irrigation rates should be used whenever possible. 

The volumetric water content of the contaminaced zone, a(cz), is the 

and 

The saturated water 

Hence, esat 

product of the saturated water content of the contaminated zone, 0 ( c z )  sat, 

the saturation ratio of the contaminated zone, Rset ("). 

content is the water content when the s o i l  material is saturated. 

24 
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TABLE E.1 Runoff Coefficient Value8 

Coef f i- 

Type oi Area cient Value 

Agricultural Environment' 

Flat land. with average slopes of 0.3 t o  0.9 m 
per mile 

Rolling land, with average slopes of 4 .6  to 6.1 m 
per mile 

C 
1 

C 
1 

C Hilly land, with average slopes of 46 to 76 m 
1 per mile 

Open sandy loam 

Intermeaiate combinations or' clay and loam 

Tight, impervious.clay 

Wood lands 

Cultivated lands. 

Urban Environment 

Flat, residential area -- about 30% imprevious 

0.3 

0.2 

0.1 

C 0.4 
2 

C 
2 

0.2 

C 0.1 
2 

C 0.2 

C 0.1 
3 

3 

'r 0.4 

0.65 'r Hoderately steep, residential area -- about 50% 
impervious 

'r 0.8 Hoderateiy steep, built-up area -- about 70%. 
impervious 

aThe runoff coefficient f o r  an agricuLtura~ environment is given by 
C r = l - c  ' C  ' C .  

1 2 3  
Source: Data from Gray (1970) .  

25 
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equais ut, wnere'pt is the total porosity of the soil material, that is* 

The saturation ratio, R,, as defined as the ratio of 8 over that is 

Men the medium is sacuraced, R, equaLs unity. Under unsacutated iniilttation 

canaicions, the sacuracion racio is a function of the infiltration rate, the 

saturated hydraulic conductivity, and the texture of the soil. The saturation 

ratio can be esrimated using the following equation (Clapp and Hotnberger 

1978 1 : 

1 
I 2 b + 3  

sat 
RS = (+ ( E . 7 )  

vnere 

I = iniiitracion rate (mlyt), 

KSat = saturated hydraulic conductivity (m/yr),  and 

b = soil-specif ic exponential paramerer (dimensionless). 

Representative values of KSat, e,,,, and b f o r  various soil textures are. 

lisced in Table E.2. 

~ 

f o r  all toner. I 
?E I 

.. . 
%e supetscripc is omitted f o r  a general definition. The definition appii 

I 
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TABLE E.2 
Conductivity, Saturated Water Conteat, and the 
Soil-Specific Exponential Parameter 

Representative Values of Saturated Hydraulic 

Hydraul ic Saturated Soil-Specific 

Ter e ur e K,,, (m/yr) 'sac Parameter, b 
Conduccivity, Water Content, Exponential 

Sand 
~ 

5.55 103 0.395 4.05 

Loamy sand 4.93 103 0 -410 

Sandy Loam 1.09 103 0.435 
Silty Loam 
Loam 
Sandy clay loam 
Silty clay loam 

Clay Loam 

Sandy clay 
Silty clay 

Clay 

2.27 x LO2 
2.19 x LO2 

1.99 x 102 
5.36 x 10' 
7.73 x 10' 
6.84 I 10' 
3.26 x 10' 
4.05 x 10' 

0.485 
0.451 
0 -420 
0.477 

0.476 
0 -426 
0.492 

0 -482 

4.38 

4.90 
5 -30 
5.39 
7.12 
7.75 

8.52 
10.40 

10 40 
11.40 

~ ~- 

Source: Data from Clapp and Bomberget (1978) .  

The retardation factor for radionuclide i, R d i ,  is the ratio of average 

pore water velocity to radionuclide transport velocity. Assuming that the 

adsorption-desorption process can be represented with a linear Fteundlich 

isotherm, the retardation factor can be calculated with the formula (Yu 1987) 

where 

O K  b d i  
l + - = l + -  

O K  b d i  

e pt Rs 

bulk soil density (g/cm3), 

distribution coefficient for the i eh principal radionudide 

(cm3/g), and 

volumetric water content (dimensionless). 
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The diotributioa coefficient is the radionuciide equilibrium concmfta- 

cion tacio of the adsorbed radionuclide (in soil) to the desorbed radionuclide 

(in water). Representative distribution coefficients are given in Tables E.3 

through E.6. 

I 

E.2 UATEK/SOIL COATCEblTXATIOP RATXOS IN TERHS OF 
EmCLfDE UATeg-TRANSPORT PABMSTED 

A water/soil concentration ratio can be expressed i n  terms oi functions 

that c.bracterize the source terms and cransport processes and are applicable 

for both simple and complex hydtageolosicai strata. 3 y  introducing simpki- 

f y i n g  approximations for rhe functional form of the breakthrouqn cur&* that 

are generaily appiicable even for complex hydrogeological structures, the 

transport and source functions can be specified by a small number of nuclide 

uater-:ransport parameters, and various models can be used to derive relations 

between these parameters and measurabLe quantities. The analysis is 

applicable to either the groundwater or surface wafer pathway; hence, in the 

following derivation, :he subscripc r used t o  identify a i f f e r e n c  wacet 

?achwavs has been omitted in order to simplify the expressions. 

Lee Wf(t') be the averaqe concentration at time t' of the i t h  radio- 

nuclide in water that has percolated through the contaminated zone, measured 

at the lower boundary of the contaminated zone. This sautce or' groundwater 

contamination will result in a concentration W;(t) at time t (t 1 c ' )  of the 

ith radionuclide in water ar the point of use (e.g., a well or surface water 

body). One may express che relation between the source concentration W q ( t ' )  

*The breakthrough curve is the concentration of a radionuclide in water at-the. 
point oi use as a function of time. 
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TABLE E.3 
in Sand, Soils, and Clays 

Typical Average Distribution Coefficients for Varioun Elemants 

Average 
Distribution 
Coefficient ,a 
Kd (CIl13/g) 

Soils Geomerric 
and S tandara 

Element Clays Sandb Deviation 

~~ ~~ 

Average 
. Distribution 
CoefficientTa 
Kd (Cm3/p) 

Soils Geometric 
and S tandatd 

Element Clays Sandb Deviation 

As 

Ba 
Cd 
Ce 
csc 
Cr ( + 5 )  
CO 

cu 
F 
Fe 
La 
Pb 
Li 
Hn 

3 
50 

7 
1,000 

5 00 
4 

1,000 
20 
0 

1,000 
1,000 
100 
500 
200 

0.3 
5 
0 7  

100 
30 

100 
2 
0 

100 
100 
10 
50 
20 

0 . 4  

1.8 

2.4 
3*7 
2.4 
9 .o 

3.0 

- 

- 
- 
- 
- 

5 .s - 
15 

Hg 
Ni 
Pu . 
Rad 
Se 
Ag 
Srd,e 
Th 
Tritium 
U 
Va 
Zn 
Zr 

100 
1,000 
2 9 000 

70 
3 

100 
30 

60,000 
0 
50 

1,000 
20 

1,000 

10 
100 
200 

7 
0.3 
10 

3 
6,000 

0 
5 

100 
2 

100 

- 
10 

7 
1.9 
3.7 
7.4 
4.5 

3.6 

6.7 

- 
- 
- 

-~ 

alJata for As, Cd, Ce, Cr, Co, Cu, Pb, Mn, Pu, Se, Ag, Sr,  Th, U, and Z n  
from Baes and Sharp (1983); the values of Kd are the geometric means 
oi tke iicerature data (see also Gilbert et al. (1983, pp. 3-57 to 
3 - 6 0 ] ) .  Data for other elements from Nuclear Safety Associates (19801, 
except as noted. All values have been rounded to one significant figure. 

Saf. ~ssoc. 19801, except f o r  cesium. 

significant digit. 

bThe values are taken to be 1OZ of the values of soils and clays (Nucl. 

'From Isherwood (19811, using soil and quartz sand data, rounded to one 

. dSources: U.S. Nuclear Reguiatoty Connnission (1980); Gee et al. (1980). 
corresponding values from Isherwood (1981) f o r  Sr are 73 f o r  soils, 

2.5 f o r  quartz sand, and 24  f o r  other Sands. 

29 
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TABLE E.4 Diatribution Coefficients for Strontium and Ceriuma 

Conditions Strontium Cesium 

790-9,500 

220-1 * 200 

6 - 5  

i 

22-310 

100 
14 

Basait, 32-80 mesh 
Basalt? 0.5-4 mm, 300 ppm T3S 

Basalt, 0.5-4 mm, sea water 

Basalt-fractured in-situ measurement 

Sand, quartz - ?ti 7.7 
Sands 
Carbonate, greater than 4 mm 

Dolomire, 6,000 ppm TDS 
Granite, greater than 6 mm 

Granodiorite, LOO-200 mesh 

Granodiorite, 0.5-1 mn 
Hanford sediments 
Tuff 

Soils 

Shaley siltstone, greater than 4 mm 

Shaley siltstone, greater than 4 m 
Alluvium, 0.5-6 mm 

Salt, dreater chan 4 mm 
saturated brine 

16-140 
39-280 

1.1 

3 
L 1-3 .a 
13-43 
0.19 

5-14 
1.7 

4-9 

11-23 
so 
45-4,000 
19-280 

8 

1.4 
48-2,400 

0.19 

34 

8-9 

1,000-1,800 
300 

800-18,000 

190-1,000 

3 10 
100 

120-3,200 

0.027 

'All values nave been rounded to two significant figures. 

Source: Data i rm  Isherwood (1981) .  



TABLE 8.5 Distribution Coefficient8 for Thorium 
and Uranium 

Condicions K, (cm3/g) 

Thorium 
S i l t  loam, Ca-sacuraced clay, pH 6.5 
Montmorillonite, Ca-saturated clay, pH 6.5 
Clay soil, 5 & Ca(NO3I2, pH 6.5 
Median sand, pH 8.15 
Very fine sand, pH 8.15 
S i l t / c l a y ,  pH 8.15 

Schist s o i l ,  I g / L  Th, ptf 3 . 2  

Schist soil, 0.1 g/L Th 
Illite, 1 g / L  Th, pii 3.2 , 

Illite, 0.1 g/L Th, pH 3 . 2  

Illite, 0.1 g/L Th, pH > 6 

Uranium 
S i l t  loam, U(VT), Ca-saturated, pH 6.5 
Clay soil, U(VI1, 5 I&! Ca(NO3I2, pii 6.5 
Clay soil, 1 ppm U O + ~ ,  PH 5 . 5  

Clay soil, 1 ppm. UO+', PH 10 
Clay soil, 1 ppm UO+', p n  12 

Dolomite, 100-325 mesh, brine, pH 6.9 
Limestone, 100-170 mesh, brine, ptf 6.9 

160,000 

400,000 

160,000 
40-130 

310-470 

270-10,000 

8 
603.2 

120 

1,000 

100,000 

62,000 
4 ,400  

300 
2,000 

270 

4.5 

2.9 

Source: Data from Isherwood (1981). 
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E.6 Distribrrtioa Coefficients for Several Badionttclides 

Kd Kd 
ELement pH (cm3/g) Source EL emen t PH (cm3/g) Source 

B 
Uranium 2 0 .  A Lead 2.2 1,850 

8 100 7.7 10,000 10 600 
13 50 

2.2 
7.7 

4-9 

Thorium 2 
5 
7 

13 

2.2 
7.7 

1.3 
23,000 

45* 

5 00 

50,000 
50 

3,000 

1.2 
ao,ooo 

B 

C 

A 

8 

C 4-9 60,000b 

4-9 

Strontium 2 
3 
10 7 

Cesium 

4-9 

3 
5 

10 
a 

99c 

0.1 
6 

5 00 
170 

2 7d 

45 
150 
905 
650 

C 

E 

C 

E 

4-9 1,100= C 
E 150 Plutonium 2 

7 
11 

5 250 
8,500 
1 .uoo 

0 D Radium 2 
4 12 

. 7  100 
6 60 

4-9 1,800‘ C B 13 2.2 

7-7 2 ,400  Deuterium A 1 1  
0 

‘Ceomecr:c mean (CM) o f  values ranging from 11 to 4 , 4 0 0 ,  with a geometric 

bCH of values ranging from 2,000 to 510,000, with a CSD o f  4 . 5 .  
of values ranging from 4.5 to 7,600, with a CSD of 5 . 5 .  

dm of values ranging from 0.15 to 3,300,  with a CSD of 7.4. 

e CM oi values ranging from 10 to 52,000, uith a CSD of 6.7. 
of values ranging from 11 to 300,000, with a CSD o f  10. 

Sources: A = k c o n  (1973); B = Gee et al. (1980); C = Eaes and Sharp 

standard deviation ( C S D )  o f  3.7. 

(1983); D f U.S. Nuclear Regulatory Commission (1980); 
E Staley et a l .  (1979). 
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an$ the point-ofuse concentration W;(t) in terms of a nuclide wacertrmsporr 

factron G:(t,:') that is valid f o r  any hydrogeological system. 

Let 6Ui,k(t) be the-concentration at time t at the point of  use due t o  

release oi d pulse of Unit COnCenttatiOn for a time interval 6t' at time t' = 

k6tt [i.e., for a source pulse uhere k is an integer, 6Wf,k(t') = 1 then 

kbt' 5 t' c (k + l)bt' and bWT,k(t') = o otherwise]. The poinc-of-use concm- 

:ration may then be expressed as the sum of the contributions from the unit 

pulses multiplied by t h e  source concentration for each pulse: 

k 

I f  the duration 6t' of each unit source pulse is sufficiently small (bt' + O ) ,  

the magnitude of each point-of-use pulse will be proportional to the source- 

pulse duracion and one can write 

vhere Gi(c,tL) .is, by definition, the nuclide water-transport function. In 

the Limit as b t '  - 0 ,  Equation E.9 becomes 

Using Equation E.ll, one obtains the following general formula for the 

waterisoil concentration ratio: 
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where* 

wsai(t) = wi(t)/si(t) = waterisoil concentration ratio f o r  the i th 

principal radionuclide ac time C, the time of use (kg/m 3 ), 

M i (  t) = average concentration of the ich principal tadionuciide in 

uacer at the end of the water pathvay segment a t  the point 

and time of use (Ci/m 3 1, 

s i ( t )  = average concentracion of the ith radionuclide in the coatami- 

naced zone ar. the time of useT inchding contributions from 

ingrowth from other principai radionuclides and the  decrease 

due to removal by radioactive decay and leacning (Ci/kg), 

= bulk density of the concaminaced zone (kg/m3), 

e ( C z )  = volumetric vater content of the contaminated zone 

(dimensionless), 

Ci(t,t') = nuclide water-transport fUCtiOn for the ith principal radio- 

nuclide (l/yr), 

t = time a t  which water is used for irrigation or drinking (yr), 

and 

t' = time at which water leaves the contaminated zone (yt). 

The volumecric wacet content 9 (") is discussed in Section E.1. The 

source term Qi( r ' )  in Equation E.12 is the Leaching ratio, defined as the 

*Note chat some quantities are expressed ,in different units in different 
ffJrrtnaldST e.$., VSRi(t) is expressed in g / L  in Equation E.1 and kg/m3 in 
Equation E.5. Units of rnecets, kilograms, and curies are used for inter- 
mediate ca~culations. Units of centimetersT grams, and picocuries are 
generally used f o r  input and oucpur dara or quantities that are more eas i ly  .. r , 
interpreted and compared when expressed in terms of these units. Conversion 
factors for accivicy concentrations and densities are 1 Ci/k = lo9  p- 

34 
1 Cilm3 = 1 x lo6 pCi/cm3, and 1 kg/m3 1 g/L =: 1 x LO-3 g/cm f . 



vaterjsoil concentration ratio f o r  the ifh principal radionuclide in the 

contaminated effluent water from the contaminated zone: 

where 

W4( t ' ) = average volume concentration of the ith principal radio- 

nuclide in effluent contaminated water at the beginning of 

the water pathway as it: crosses the lower boundary of the 

contaminated zone 8t time t' (Ci/m3), and 

si (t ' ) = average concentration of the i th principal radionuciide in 

the soil in the. contaminated zone at time t', including 

contributions from ingrowth from other principal radio- 

nuclides and the decrease due to removal by radioactive decay 

and Leaching (Ci/kg). 

W?(t') can be estimated as the ratio of the source release rate R. (t' ) and the 

vater flow rate IA. That is, 

1 1 

, 

Substituting Equations E.2 and E.14 into Equation E.13 yields 

A 

n u s ,  the leaching ratio for a sorption-desorption, ion-exchange leaching 

model is a COnsta~t. 
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If the change in the hydrogeological environment wichin the tima 

horizon is small, the nuclide vater-transport fUnCCiOn will depend onty an the 

time difference c - t ' T  and the nuclide vater-transport function wiil h v e  the 

functional form C i ( t , C ' )  = ci(t - E ' ) .  If it is assumed that all decay 

products migrate a t  the saxue rate as the parent radionuclide, the nuclide 

uatet-transport function can be written as 

vhere 

IDi(c,t') = ingrowth and decay correction factor for radionuciide i from 

time t '  t o  time t (dimensionless) 

g i ( t  - c ' )  = ingrowth- and decay-independent nuclide vater-ctanaport 

function f o r  the ith ptincipai radionuclide (l/yr). 

The term IDji(t) is defined in Appendix F. 

By using the source factor SF.-(t) (defined in Appendix F ) ,  :he average 
11 

concentration of the i th ptincipai tadianucLide in the cantaminaced zone a t  

time t can be written as 

In order to simplify Equacion E.12, it is further assumed f o r  the 

groundwater pathway that the source factor SF.-(t) can be replaced by an 
J1 
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ingrowth and decay tactor i!l: (t) and a Leaching factor Lf (E), that  is 
J i  i 

The Leacning factor may be written as 

where Li  is the leach race for a first-order, ion-exchange Leaching mechanism 

as defined in Section E . i .  

The expression f o r  the WaCetiSOlL COnCenttatiOn ratios (Equation E.12) 

then reduces to 

Equation E.20 is used in this manual for deriving formulas for estimating the 

concentrations of radionuciides in water used f o r  drinking or irrigation. 

The generai form of the nuclide Water-transport function is such that, 

if a short pulse or̂  Contaminated water is released from the contaminated zone 

during tne time period 0 5 t' I 6t', there will be a time interval A t i  (the 

breakthrough time) before the contamination reaches the point of use. F o l l o r  

ing breakchrougn, the concentration of the ich radionuclide at the point of 

use will increase to a maximum and then decrease back to a near-zero value in 

a cime interval & t i .  This time is referred to as the rise cime because it is 

also the time for the contamination at the poinr: or' use to increase from zero 

to a maximum value when che pulse release is replaced by a sready release 
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starting at the same cime.* The pulse of contamination at the point of use 

may be idealized as a rectangular pulse of duration 6ti. Thus, the nucLide 

vater-transport function may be approximated by a function of the form 

where 

A t i  = breakthrough time for ith principal radionuclide (yt), 

g i  = fi/6ti = rate of change of the concentration of ith principal 

radionucLide at the point of water use for a unit input pulse 

(l/yrl, 

6ti = rise time f o r  i th  principal radionuclide (yt), and 

f i  = steady-state dilution factor = ratio of average concentration 

of ith principal radionuclide in water at the  point of use to 

the average concentration in effluent water at the contami- 

nated zone boundary for a steady-state release when there is 

no ingrowth or decay (dimensionless). 

Using Equations E.15, E.20, and E.21, the time dependence of the 

water/soil concentration ratio for the groundwater pathway, after beiag 

~ 

*The rise time 6t; and the release pulse duration 6t' ate independent 
quantities when tie pulse duration is small; 6 t ;  is decermined by the 
transport properties of the groundwater pathway ani will remain finite as 

- .  38 b t '  * 0 .  
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corrected for radionuciide leaching, is 

WSB.(t) = 0, 
L 

t 5 At. 
1 

L At. + 6t. c t. 
1 1 

where the various parameters are as defined before. 

If the rise time is negligibly small (6ti = 01, Equation E.22 reduces 

to 

wSRi(t) = 0, t I At. 
1 

Formulas for calculating the transport parameters (dilution factors, 

f i ;  breakthrough times, A t i ;  and rise times, 6ti) for simple hydrogeological 

systems are derived in Section E.3. 

E.3.1 Ongsite Groundwater Pathway 

The water transport parameters for radionuclide i are the breakthrough 

time ~t~ ( the  time following the radiological survey at which radionuclides 
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A Review and Analysis of Parameters for Assessing T-fi of 
Environmentally Rdegsed Radionuclides throagh AgriariQre 
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I 
! 

i 

The rust source of miability io the par8maet is mmciatd with the laboratory methob used 
to determine K,. Guterakiy, the two mfst common techniques for detamio.ri00 of K, are the 
cohunn md batch methods, although other mcrhods have besn employed to meuore distribmionr of 
chanicd formt'*' or distribution among soil fraaionu.''' In the calomn method a dmtim of 
materiij in water isappfied to a column ~0ntahbt3 uniformly packmi soiL Tbe K, of the 
is detanriasd from cornparLon of the 50% brtrktbmagh c u ~ l ~ g  for the water and matarial 
a d g  to the equation 

V, - 
Y, - 

the velocity of the migrating material ( d m d  from the 5 0 8  brtrhhmugh 

the oelodty of the water. 

ewe) and 

- -  $1 
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In the batch method. soil and water- arc s h a h  witb the matcriai for a 
equtiibirmn disvlbution between soil and water is achieve$ or assumed Beawe of nonclqoliibrmrn 
or the innuen= of convection and dif€ush in the colump method, thm two -w @ 
differcat ruuiu for nonionic elemental f O ~ " 9  Thus,. in sard&g &e' h m m  for K~ 4 ~ .  

refleaed in the valuer nponed 
of the 

paraxncter being a ratio of two cooaaMtiolu A small amount of enorin m- af 
the moil or water concentration of matuiai may pmduoc a large amougtt of  ROT in the rrnhrm 
ratio. For exampic in a batch-type eXpenmeaUd system of 10 g so& 100 mL H20, aod 100 r;e ai 
matawti for which the vue Kd is 190 mL/& a 1% ovrratimats of the soil conanmtia (95.95 a 
in rod) yieb a Kd of 237 mL/& vr S ~ t e i Y  a 25% overeseimotc of K,,. The - . w i n  
Kd cstimarefmm a given ptnrat errorin mtarrvaneat of soil 011centratioa in-rappdiy- 
i n d g  Kd (Fig. 2.32). The same is troc with a given mt uodensumate of &e rntsr 
coacenuatioo as the true Kd of the m a c a d  d m  Thus, if an invettrgamr .rn- one 
fraaion of the sod-water synan and detcrmina the concentration of the 0th- ftacrioa by 
signrfrcaat.erron may be invadacal inta the Kd cstiuwe fnnn vey smdt erran of 
m m e n t  This magnrfcation of expenmeatal emor undopbtly contributes a s i @ l W t . m t  
of variability to Kd estimates for materrak whicharc W y  soluble or lnsalablc 

contcnL o m  matter cooteat, free imn and rnanmarnm oxide conmu, or sizt 
disvibutiom wiU i i l ly  yieM different & value% For example. h a study by Griffin and S b p l s  
of lead absorpuoa by day mioerala pH waa ah- to be ID exvemely imponant d- of 
Kd. Fram their data an exponential rrlati0arhip.W & and p?i of the days w a s ' . f d  At 
pH > 7.0, lead Kd b on the O r d a  Of Id, and b&w thb P& & mm fm IO' to Id. pH 
has also beea shown to influence Kd for. plut0nh.m and crUmm;1s1'''3 nrthenipm, ytuimu. 
&conium, niobium, and 
copper, Cadmium, and ~alcium.'""~~ ' 

Another sourcc of variation in Kd k the time factor involved with its detmnination. Batch- 
type & detcnniaations arc usually made oyer a period of a few to mmai h o w  unui equilibrium is 
achieved or assumed If eqllibrium d o a  not occpr within this short time pmod some error is 
iauoduced Erron from.noncquiiibritM Kd dctemma ' tbm made after 24 hours, h-, are 

detamrnawns u) simuiate h c h g  over time permis of mooths or yean. ~ a a  et a~u found that 
sorpaon of Tc-99 by low organic sods ttndcd to Sietuficaatly increase over a 5-6 weekpenod. 
T ~ ~ U U C O U  of the soil with d- HsO2, and Stearn 8tCdhaUOI1. and ~ ~ r p r o n  V- with 
temperarun-ail indicated that microbiota played either a dinct or indirect role in rorprion, 
Hetttovophic bacteria capable of solubilizing PbS, ZnS. and CdS have ban reponed by Coie,l6' 
and microbial influences on the solubility of VanSuraDl 'Q has a& been syggestcd by WiMOrrg and 
Gadand.'" If microbial aaioa is, indeed, imporcant over the long tcim, then the apptiability of 
K, exprimeau canid out with oven dried and sieved soil to models of leaching in a p s m h r a l  
SOiL over iong time penorb must be questioned 
' appropriate distributions of Kd for 
various eianenu (Table 213). BeQuse of the variation of Kd with soil pH, an U y s h  of 222 
agricaitural Qgiil'6L1u was used to determine a typical range of pH for agricultural soik In these 
soils, pH was found to be normally distributed with a mean pH of 6.7 and 95% of the values 
between a pi i  of 4.7 to 8.7. Thus, the CriWiOn was adopted of discarding Kd vaiues wtdcb were 
m d  SO& Outside Of the pH range Of 4.5 to 9. The K d  detcrmtaa ' tions a d  to gentrate 
Table 2 1 3  rcpxucnt a divmity of soik, purr clays (pure mineraL w e n  exdpded), U w a i n g  
solutiorw (commonly H20, CaQ, or NaCI), laboratory tcchoiquu, and rnagdkatbo of 
experimental e m .  A 4  unavoidably, single m e a a m e n u  have bem~combiod with fe@CMu. 
meaos, and means of means to derive Kd distributions. When many references have been uscd to 

of w. 

variour bimm and confounding f a a n  inhacat in the labcxatory maim& u~cd 
' *& 

A second faMr rrsponsibie for Var iat ion of h@on in K d  m-at a 

A third Sourn Of V d b & q  & 1U MMth With SOii typc && difierem pH, b y  

-and ~ C ~ ~ L U X ' " * ' ~  and r m ~ ~  Wac iroa ZinG cohlf 

relatkiy ~ 1 ~ L 1 5 ' * ' 5 z 1 a  A m m  Si@*t eRoT may be huodocsd by ShOrr t#m & 

An mrlysis of the titeranare was performed to 



lo-' IO0 10' IO2 

Kd OF MATERIAL (mL/g) 

Figure 2.32. P e a a t  error in Kd ertimrtioa from 0110 to five pcrctoi ovcrcstimrl# of roil 
comntrrtioa or uodertstimrta of water ooncco(rrtioo in I log-IOOmL batchdm K, 
experiment. 
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T.Y.211. - d h - d & h . r l r  - c ry .I pH u (. 9a 
Rd- - IOk ire d c d r Y  oborradrmga 

4 4 -  
165, 166 
I63 
16s 

58 1.s 0.40 4.6 1.6 to 13.5 
10 1.7 0.49 5.6 2.0 to 9.0 

1.2 (0 9.8 I O  1.4 0.78 4. I 
45 4.2 2s 65 0.2 to ~ 0 . a ~  149,Isa 167. IU 
30 3.2 2.0 2s 1.4 to 1.000 149, isa 167. 169 
57 3.9 1 .1  
S5 3.6 0.97 47 0.2 B 3.800 149.1sa 160. 167. 169471 

157. IS8 1.4 to 333 35 

146 3.6 1.8 38 0.1 toaooo 14% lS7-159, 167 
218 3.6 1.6 0.15 &300 14% I S 2  154. 160. 167, 37 

169. 171-180 
IS4 
I 49 

5 10 16oB 1,640 

3so  48tol.OoO 1% 160 

2 6.1 1.7 
17 2.9 L2 

I7 5.9 0.75 
16 3.8 1.5 
28 1.9 0.86 6.4 1.26 to 26.8 

0.37 to 400 I8 
24 -3.4 1 . 1  0.033 0.0019toQD u 

46 IO to 1,Ooo 149. 167 
I S7 

I35 6.9 1.8 loo0 10 to 52000 149. 160. 167. 169, 171. 173*17S, 177, 178. 180-183 

ISQ I 8 4  400 
164 520 l%to 1.063 

I7 12 0.57 lHUlll0 to 5 ~ 0 . ~  l8S-I87 
4% IOJto4400 IU-187 24 6.1 2.5 

44 3.4 2s 29 0.16 to 929 1s 184 188. 189 
40 8.4 2.4 4 m  11 t o m  1524%. 177. 181. 

184 187. 189 
46 6.5 2 4  680 1.0 to 47,230 IY 188-190 

840 58 to do00 Is4 160 16 6.7 0.H 

6 6.3 0.65 
4 3  to 7640 I2S 6.0 21 

31 7.6 1.6 I .m 99.3 to s1,- I* 153. 189 

~ m a n d t J m ~ d t J m o b m d ~  
' T b o ~ d c r y o o a o c t h a b y r h m r o f r h o ~ ' * . h r a  
~ ~ ~ ( u ) B o m ~ p r o b . k l i t r ) .  

generate the distribution, grtatcr assuraatx can be &ea that the distribution is a rrpreseoutioe 
dirrribmioo bcuuse it is not heavily b i d  by one or two wtprimeatal designs or 
wbae a rin& or afea  references w m  Iuod Ius amsrancc can be given. 

On the barL of distributions. computai for cesium and stmatipm (Fig. 2.331, a lognormi dirtribation for K d  has been nunmat for all elcmeap. Thor, the median value of the 
logwnnai distribution is used as a but estimate default Kd for TERRA (except for lend, and 

, techn~aum where judgement waa excrcisai). Htnmver. if the dirtribotion of'& COW for 
in cuiurn and strontium arc typigL then Kd may vary by as much as thm onius of mqnim& 

soi& of pH 4.5 to 9.0. Such variation in K d  h greater than or cqnai to the miat ion in B, OW 
for Cesmm. strontium, a d  plutonium (Figs. 2.3. 27, and 222) and sugguu the rdvimbdity of 
usiag site-sponfc d u e s  when avaiiabie. 
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Figure 2.33. Lognormal probability plotr of K, for cesium and strontium in soils of pH 4.5 to 9 

b a d  on available references. u1 
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Altbotlgn Kd estimates for the 23 abomnmtionai efrmenu are subject t4 mt un-, 
they am bassd on vaiues rqmrtai in the Literature. No rUinnar arc immwllrtrl ' yavahbbforthe 
rcnmaiq dwrmu of the penodic tabie. In order to provide a default aimam for thcse, 4- 
an aitanatirc method is uscd In 1979, Van Dorp, Urnid. and Frissel'" proposad a m W  for 
sumation of the soil-plant concentration factor. Their approach was to calcniate the soiubtlity of a 
nu& in soil water. its ability to transfer a ~ o g  root membtaner, and its u p a d  mopcmQlt 

the tranrpitation sueam. They reasoned that masurrd v d u a  of Kd, root nisccioitg coeffidcnt 
(S), and trampation coefficient (re) w& allow them to pru&u the soii-pht c o n o t o ~  
faaor fmm solkadionuciide co11ctllMti00. Thdr model has not kobme gcaedy used or 
for dosa calculauonr. but their impiied depmdmcy of ifv oa Kd is tbc bash of our applorch. for 

Our appmacir is to presume that tbe default Kd atimam for elements in Sect. 24.1 and their 
conesponding E ,  estimates reprrsent a wide vanay of soils and p h U  Therefore, a sin@ 
estimate for Bv and Kd will reflect so& plaatr and exptnmentd conditions which a r ~  - a m @ .  
or 'genarrluaL' Thus. any reiationrfiip betrsea K d  and B, may be used to pmdicr 
'averaqe" or -generaiiZed" K d  estimates from our default B, cstimatu. 

Figure 2.34 show the cornlation found betarlta & a d  K d .  It ShOdd be n o d  that the B, 
estimates. in Fig. 2.34 are the garmctnc menas determmed di rcdy through analysis of 
literature, and not n d y  the def8ult v d o a  from fig. 21. Technamm u an exampla TYm. 
technetium B, of 89 is the geometric mean of the gcxnncuic means of refwcncu 23, 107, 122, and 
123. It was felt that although the s&on-tenn.piant uptake stodics represeated in referen- 23, 
107, and 122 were inappropnatc for long-term B. Csrinrster they were appmpnatciy 
with the don-term Kf determinations for tcchuirrm (bacruaa B, and K,+ in- with 

Hoanm, in fig. 2.31 we uscd our b a t  estimate of techncfipm B, and the regrusion equation 

-g dCf8dt Kd UthatU in hetr Of d m -  

h e ) .  T~us, t h m  two short-term parametnr USQd the definition Of the BV-& relruionr$ip 

I 

I 

to determine our b u t  estimate of technetium & of 1.5. In additha to tccbctium the Kd ddad t  
estimates for elements not mwaoaed in Seer 24.1 WCTC determind- via Eq. (9) aad the but  
estimate B. defauit valua in fig. 2. I. 

- -. , 
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Lea & v a l u t i o ~  &cologiquen de l ' hmsac ia r r  dea decheta de copbut 
t fble  a u c i b i r a  dana lea foruaciono de roche plutoaique dC888i tent  upla 
d y a e  de la migration dea nuclidea qui paoaeat de l'enceimte d'6vacuatioa 
a h bforphare. P o u r  1 ' U y . e  de la -tation de8 madidas B waveto 1'- 
ceinte d'llvacuatfon, lea mar&riaux tampoum et de remblayaga, la rocha Pluto '  
nique e t  lea morts terrain6 c o ~ o l f d & r  e t  a00 c o ~ o l f d 8 0 ,  par l 'entremira de 
l'eau soutarraina, on se eetc da modblea n8cesmitant dm coefficient8 de 
r6partitfon (Rd) pour decrlrc 1' inearaetfoo deo uuclider e t  deo macQriaux. 
ghologfquea e t  a r t i f i c l e l s .  
t i t i o a  dam le eoi  part icul iere  B certain6 6Uments et leur r6part i t lon du 
pofat de vue seatist iqua,  B par t f r  d'una etude bibliographique en dgtai l .  
Lee 6l&mencs radioactif8 coMid?it68 furent le. euivauts: actfuium, a d t i -  
cim, bismuth, caicium, carboue, cQtlum, cbiun, lode, piomb, rnoAyW804, 
neptunium, aiclrsl, niobium, palladim, plutonium, polonium, protactluium, 
radium, samarium, aUboLum, atsent, strontftm, tec&n&tium, terbium, thorim, 
gtain, uranium et zirconium. Lea & l & m e m t r  stables conaidere8 furent lea 
suivaate: aucimoiae, bore, cadmium, t a l lu re  et zinc. Lorsque la dispooibl- 
lit& d e s  dorm8es le permat, lee coefficients de  r6partitFon et leur r6prrti- 
tion s o w  iudiqub pour lea sola sabloneux, llmooeux, a rg i leur  e t  otgaoi- 
ques. L'uti l iracion de no8 valeurs est recommand&e pour lea 6vahatioM 
effectugm dana le cadre du programme c a d i e n  de  gsacton dea d6chcts de 
combustible maclgaire. 

Ca rapport pr6aenta des coeff ic ients  de r&par 
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ABSTRACT 

Environmental aeeessments of t h e  d i s p o s a l  of nuclear  f u e l  waam i n  
plutoaic  rock. formations require  aaalysir of t h e  migrat ion o f  nuclide. from 
tha dlepo8.i vaul t  t o  the biosphere. Analyaem of nuclide migration via 
groundneat througb the  dirporal vault, the buffer and backfill, the  pluto- 
nic rock, and the con6oildated and uncooaolidated overburden use models 
requir tng d i s t r i b u t i o n  coef f fc fen te  (Kd) to  descrlbe the  Interaction of the 
nuclidm vlth the  geologlcal  arrd uum-made mateltiale- Thfa report prermuts 
element-specific s o i l  distribution c o e f f f c i e n t s  and t h e i r  s tatist ical  dir-  
tr ibuclone, baaed on a d e t a i l e d  survey of the l i t e r a t u r e .  Eiadfoactiwa ele- 
ments cQn8ideted were actinium, americium, bismuth, calcium, catboa, cerium, 
cesium, iodine, lead, molybdenum, neptunfum, nicke l ,  afoblum, palladium, 
plutonfum, polonium, protactiafum, radium, saumrlum, seleaium, s i l v e r  , 
stronciua,  technetium, terblum, thorium, t i n ,  uranlrmr and zlrconfum. Stab le  
elements considered were antimony , boron, cadmium, te l lur ium and zinc. 
m a r e  eu f f i c fen t  da ta  were ava i l ab le ,  d i s t r i b u t i o n  c o e r f i c i e a t s  and t h e i r  
dfs t t fbut iOn8 are given f o r  sand, silt, c l a y  and organic  s o i l s .  Our values 
are reco-nded for use in assessments f o r  t he  Canadiao Nuclear Fuel Uaate 
Hanagement Program. 
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Canada haa selecced geological  containment In a vaui t  deep h 
piutoaic  tack in the  Precambrian ShiaLd aa the most promising method fo r  

dispoeal  of fta nuclear f u e l  waste (Boultou, L978). 
plutoo vi11 moot l i h l g  be the host rock. 

A s t a b l e  g r a n i t i c  

boasaawnt of the  i n t e g r i t y  of geo log ica l  contafument requi re8  

pathway8 axmlysis t o  determine the  travel tinre from t h e  v a u l t  t o  the 

biosphere of a l l  the aucl idea a e ~ o c i a t e d  with the. wa8te (Mshta, 1982). T h e  
travel t ime and t he  predicted auclfde conccatratians In the  bioophera vill. 

depend up00 the i n t e rac t ion  of the nucl ides  w i t h  t h e i r  surroundings ae they 

migrate from che vault. Tradi t iona l ly ,  this i n t e r a c t l o u  haa been deecribad 

using a d i s t r i b u t i o n  coe f f l c i ea t ,  Kd, f o r  rock, unconsolidated regoiith and 
s o i l  (Wuechkn et  al., 1981). The objective of this report is t o  doc-t 

t hem Kd value., separat ing t h m  a c c o r d i q  t o  the major SOU types €ound on 
the Precambrian Shfeld. These parameter values  are required f o r  t h e  a o i l  

model in the assessment code used irr the Cenadiaza Nuclear Fuel Waste 

Yanagement Program. 

Further ,  s ince  the assessmeat code is s t o c h a s t i c ,  the  
d is t r lbuc ione  of the Ka values are also aeeded. 

R values Fndicatae that they a r e  lognormcrlly, aa opposed t o  normally, 

dist r ibuced.  The lognormal d i s t r i b u t i o n  parameters (log 10) are reported 
hete. ';he68 parameters d i r e c t l y  represent  the data  presented where t w  o t  

more value8 were found, and have not been ad jus t ed  tovard conservatism f a r  

a8eessmeaf purposes. 
appropriate  d i a t r t b u t i o n s ,  f o r  t h e  ac t in ides ,  the rad ionucl ides  produced 

from nuclear f i s s i o n  and t h e  stable nucl ides ,  r e spec t ive ly ,  that a r e '  

expected t o  be present Ln 100-year cooled nuclear  f u e l  (Xehta, i982)- A 

reference list is included f o r  each nucllde. 

Prcllmfnary work with the 

d 

Sectioos 4, 5 and 6 list the soil Rd values ,  and t h e i r  
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DISTRIBUTION COEPPICIENT’, 

The processem of rolute sigrarion PettlMnt t o  radionuclide 
migtatfoa in so i l  a d  uacoaoolidatsd geological aucarial. havm tteen.&acw 

Sed a d  stviewid axtaoriveiy ( m a l a r ,  L976; 
1983; Gfllhaa and-Charry, 1979; and Ataold e t  a l a ,  1982). 

n o d e b  have beeu developed t o  p r e d i c t  nuclide aigratioa through s o i l  (Wr- 
an$ AylmOre, 1981; Yeh apd Ward, 1981; 08ter, 1982; 
al., 1983; van Ceauchten, 1978; Ouguid and Reeve@, 1976; and.Sheppard, 

1981). 
model of the  s o l u t e  transport process ,  expreaeed in ooacdimensiohal form, 
1s 

Onfahi et al e ,  1981; Uller, 
Maoy computer 

AYfllar, 1983; Wong e t  

These amdels vary in t h a l r  cmpl;Uitp and purpose. T h e  s implesc 

vhere C 1s the s o l u t e  concen t r a t ion  la s o l u t i o a ,  i . e . ,  IIUM of s o l u t a  

pe r  unie volume of so i l  (g.cau-3, 

D is t h e  d i spe r s ion  coef ffcient (un2.s- *) , 
x is t ha  space coord ina ta  (a), and 

v is t h e  average 1Ln-r pore-water v e l o c i t y  (cm.5- 

t is time (s), 

- 

Sfnce Equation (1) doea not iccount  f o r  the i n t e r a c t i o n  of tha s o l u t e  ad. 
che s o l i d  phase, the d i s t r i b u t i o a  c o e f f ~ c e u t ,  K has beau in t roduced  to . 

descr ibe  t h i 8 . 1 n t e r a c t i o a .  The d i e t r l b u t f o o  c o a f f l c l e a t  is def ined  as the 
concentrat ion of s o l u t e  In  the  adsorbed phaae  (mane of s o l u t e  p e r  u n i t  amas 

of soil) divided by the  concen t r a t ion  of solute in the s o l u t i o n  phase (nus8 
of s o l u t e  per u n i t  volume of s o i l  pore water). The u n i t e  of K are usua l ly  

mL/g. 

s o l u t e  between che so l id  and solution phases and is a p p l i c a b l e  to  e q u i l f b -  

rlum reac t ions ,  such as Lon exchange. 

d’ 

d 
The Kd value f o r  each nuc l ide  r e p r e s e n t s  t h e  p a r t i t i o n i n g  of  t he  

Typica l  tadfonuclfde i n t e r a c t i o n s  with sol1 inc lude  o the r  geochem;; 
ical processes,  such as p r e c i p i t a t i o n ,  c o p r e c i p i t a t i o n ,  hydrous meral oxide ’.-. r 5 4 
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i complarutlou, otganlc matter complexation, c o i l o f d  formacton, I p i c r o b u  

effects.  

cesses. 

Empirically determined Kd values may or --not Include these p r p  

Ion exchange Is one of the mObC CO- mChaniamm of tadLoPuclide 
adsorption on geological ataterfal8 (Am0 and W, 1978) 

depends upon seve ra l  f ac to r s ,  Including the cation exchange capacity (W), 

and the species and concentration of both t he  ion baing exchanged and t he  

cmpet iag  Lour. If the nuclide Is preeent in smaller coacentrations than 

t he  competing ions, then the  K Value vi11 be independent of t h e  concencra- 

tion of the nuclide, and It w i l l  be constant If all o the r  f a c t o r s  remain 

conatant (Johnston and C i l l h a a ,  1980). 

Thua, the Kd v d m  

d 

ro incorporate the  Kd concepe i n t o  the s o l u t e  traneport  procesa 

descrlbed by Equation (l), the dispers ion  c o e f f i c i e n t  (D) and the  porevatat 

velocity c o e f f i c i e n t  (7) become the  e f f e c t i v e  d i spe r s ion  cocf f i c i e n t  (p' ) 

a d  veloc i ty  coaff i c i e n t  (V') , respectively,  where 
- 

and R 1s t h e  re ta rda t ion  f ac to r ,  defined as 

R = L + ; ; - K d  9 J  

where pb is the bulk dens i ty  of t h e  soi l  (g/cm3) 

Kd is t he  distributlou coe f f i c i en t  (mL/g). 

a fa  t he  porosity ( c m ? / c m 3 ) ,  and 

The Kd concept Is r e s t r i c t e d  to equilibrium reac t ions  i n  which the coucen- 
t r a t l o n s  i n  the  solution and s o l i d  phases are related. 
defined by Mayer and Tompkins ( 1 9 4 7 )  as 

Kd was i n i t i a l l y  

rn 



- 6 -  

*re C ia  th.. tracer concentration fu the eoiution before adding thr 
0 

t 80?bUt, 

t c fa th. tracer concaotration in the l iquid p h u a  of a rotbane 
V8CU 8 l U ~ ~ i O U ,  ! 

i 

V ia the ooltpu of Liquid, and 
H b the w O f  SOUde 

Dempite the fact that tb Kd coucept etrlctlp applfea only t o  

simpla cation-exchange, Ka oaluea am reported that demcribe more complu 

teactioar. ThFa is in  raspone. to the need for input to simple migration 

models. This report doen not revleu the ro i l  ch4nFetry of the auclldes 
coaaideted; this has been done adequately elsewhare (Jarreon, 1980; ~ohnston 
and Gfllhao, 1980; A l h r d  e t  d., 1977; PriPdmm, 1976, Swedish N u d e a r  Fuel 
Supply Co. La., 1983; Amea snd Bai, 1978). T h e  report  do08 list all of the 
Kd valuea by predoafnant eo11 type for the PtecsPbriao S h i e l d  (sand, silt ,  
clay ami organic (Seals,  1984)) and includes o t b ?  prtiaent  information 
fouxui in tha literature. 
for 80- auclidee coabinfw a l l  so l l s ,  as repocted by Baea and Sharp (1981). 

Table 1 Ueta  Kd distribution paramecar estlmataa 

ESTIMTES OF DISTRIBUTXONS OF K d *  VALUES 

Am 2 09 1.3 810 1.0 t o  47 000 
Ce 3 00 0 06 1 Loo 58 t o  6000 
c8 3 m 0  0 .a 1100 LO to 52 000 

1.0 1.0 11 0.16 t o  929 NP 
Pb 2 .o 0 07 99 4.5 t o  7600 
Po 2 o f  0.3 5 4 0  200 to 1100 
eu 3 .3  1 .o 1800 11 t o  300 000 
Sr 1.4 0 00 21 0.37 to 400 
Tc -1.5 0 0 5  0 -03 0.003 t o  0.28 
Th 4 .a 0 06 60 000 
U 1.6 0 -6 4s 11 t o  4400 I 

! 

2000 t o  510 000 
i 

i * From Baas and Sharp (1981) 
** 
*** 
+ 

yean of the logaritha ( t o  bass LO) of Kd 
standard deviatioo of the Logarithm ( t o  baa8 LO) of Kd 
Xediaa value of Kd with a 0.5 cumulative probability 
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NotMag vas. f o d  in t h e  litar8ture oa Ka v a l u e  or the  s o u  

ietrp of actinium. 
of t h e i r  chemical similarity. 

We recormnend using the IC values for  americium be- d 

* Americirm has been studied extens ive ly  becruse. of weapons. t e s t i n g  
i n  the  L950e. 

and Gillhim (1980) indicates t h a t  

The summary on amerfcfum geochemistry presented by Johnaton 

(1) the mom stable f o m  of americium in aqueous eolutiom is ~br *; 

(2) the s o i l  eorp t loa  of arParfcium is co r re l a t ed  t o  c a t i o n  exctrange 
capacfty, clay Cou68nt, and COnCentraeiOU ami type of the c m p  

ti- ions in so1ut1out fndicatlng that the pr inc ipa l  r e t a rda t ion  

mechanism is ion exchange; 

( 3 )  at high Kd values, amerfclum adaorptioa is senaa t lve  t o  the COLT 

can t r a t iou  of amerlclua Fa solution. 

Table 2 lists the Kd values reported by various invee t iga to r s  and includes 
s o i l  Fafomueiou ( t ex tu re ,  pH, competing ioue, etc.) per t inen t  t o  the sorp- 

t ion  data. The recommended Kd value means, standard devia t ions ,  ranges and 

d l s t r fbu t ioo  parameters by soil type for americium, baaed on Table 2 ,  are 

given Fa Table 3 .  
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TABLE 3 - 

29119 

~-~ 

Sand 6 . 166x10 1 . 1159x10 27 82 t o  4.35~10~ 3.105 0.8172 
Silt 1.435lxLO4 l.L282rL04 7 L.6xi03 to 2 . 9 8 ~ 1 0 ~  3.946 0.5382 
C b Y  6 .asow0 I . 2 9 ~ i o  5 9 25.1 to 4.0~10~ 3.832 1.23 
Organic 6 .398x103 1 .228~10  2 5.529.10 to 7 266x10 3.802 0.0839 

* 
+ S-D. = standard dev ia t ion  of K values 
* Base 10 l o g a r i t b  here  and i n  a l l  subeeqwac  tab lea9  

3, = maan of K~ values  

d 

Baaa and Sharp (1981) suggested a m e a u  valua  of 2.9 f o r  the 
logl0Kd f o r  americium, combining a l l  soi l  types ,  a d  a corresponding stan- 
dard d e v i a t i o n  of 1.3 ( s e e  Table 1). Allard et  al. (1977) r epor t ed  Kd 

values f o r  clay/mud of 2 x LO2 to 1.6 x LO4 mL/g and f o r  g r a n i t e  of 

5.0 x 103 to 1.6 x LO4 d i g .  

1 x'103 to 2 x 10' mL/g f o r  g r a n i t e .  

lar  t o  those fo r  coarse-textured sol1 (sand)  . 
Vandergraaf (1982) tecormneaded a range of 

The v a l u e s  f o r  g r a n i t e  should be simi-  
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3.3  BISXUT!i 

Nothing waa found i n  the l i t e r a t u r e  on s o i l  Kd valuee f o r  

bismuth, but bismuth should behave s imi l a r ly  to  polonium because of t h e i r  

proxirnfty in the Periodic Table. 

LEAD - 3 . 4  

L e d  is a heavy-metal ca t lon  of genera l  euolronmental concern in 
omst industrial area.. Consequently, considerable infotmatioa axlsts about 

lts envlrorm.8atal behaofour (Cer r i t ae  e t  al., 1982; Wolf et al., 1977; Sol- 
d a t i n i  e t  d., 1976; Abd-Elfartah and Wada, 1981). Unfortunately, not much 

Kd information is ava i l ab le  (see Table 4). 

The recommended K value means, standard devia t ions ,  ranges and d 
d i s t r ibu t ion  parameters for  lead by soil type, baaed on Table 4, a r e  given 

! fn Table 5 .  i 
~~ 

60 h n -  

Unrestricted,  unpublished repor t ,  ava i l ab le  from SDM), A t o m i c  Energy o f  
Canada Limited Research Company, Chalk River, Ontario KOJ 1JO.  
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T A B U  5 

K, FOR LEAD " 

~ 

Saad 1693 1646 3 280 t o  3500 3.03s 0.5527 
Organic 2.7845~10' 2 . 6 0 2 4 ~ 1 0 ~  4 180 to 6.3xlO ' 3.954 1.150 

Baea a d  Sharp (1981) sugge.ted a m e u n  value of 2.0 for the 
Log for Lead, with a correspoodirrg standard deviation of 0.7 (see Table 
1). 
 be^ found in Section 3.6.  

Lead should behave similarly to polonium and K value8 .for polouiupr u ~ l i  d 

Lead Reference. 

Abd-Elfattah, A. and K D  Wada. 1981. Adsorption of lead, copper, zinc, 
cobalt a d  cadarium by s o i l s  that differ fn.cat1oo-txchaoge materlalu. 
J e  Soil Sei* -9 32 271-283. 

Baea 111, C.P. and R.D. Sharp. L981. Predictlag radionucilde leaching from 
O a k  Ridge National Labora- root zone soil for a8.eaament applications. 

tory Report, CONP-810606-44 

Cetritse, R.C., R. Vrleeeau, J.W. Dalenberg and E.P. D e  Roos. 1982. Effect 
of sewage eliuige on trace element mobility in eoila. J. Euvirou. Qual. 
-, 11 359-364. 

Soldathi,  C.P.,  B. Riccardo and R. Levi-Hlnzi. 1976. Lead adsorption by 
soils. I. 
therm. Water, Air Soil Pollut. 5, 111-118. 

Wolf, A*, K. Buuzl, P. Diet1 and W.P. Schmidt. 1977. Effect of calcium 
ions on the  abeorptlou of lead (2+), copper (2+), cadmium (2+), and 
zinc (2+) by hurnlc substauces. Chemosphere 6 ,  207-213. 

Adsorptiou as measured by the Langmuir and Preundlich iso- 

3.5 NEPTUNIUM 
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(1) ~ p t u n f m  should exist  as Np 
zing soil environment; hovever, F t  is not evfdent  vhe the t  Np0.f le 
a h o  t h e  dominant spec ie s  d e r  reducing conditiooe; 

in the f0- of NpO 2+ in an oxldi- 

(2 )  neptunirnn c o l l o i d s  have been repor ted  in some so i l - so lu t ion  expar 

bents  (Sheppard et  al., 1976) and abseo t  in others  outson on et  

al., 1977). 

The recoamended Kd value  meanr, standard dev ia t ions ,  ranges and 
d i s t r i b u t i o n  parameters f o r  neptunium by soil type,  based on Table 6 ,  are 
given . i n  Table  7 

TABLE 7 
I 

K. FOR NEPTDNIUM 
Y 

SOD. n Kd Range Lognormal - 
, Die t r i  bu t ion  

S o i l  Rd 
Type ( a / 8 )  

CI a 

Sand 37 e 6  94.57 17 0.16 t o  390 0 06782 0 -9728 
S i l t  47.41 35 -88 6 1.27 to 9 5  1.426 0.6925 
Clay 1327 1529 4 41 to 3200 2.619 0,9222 
Organic 857 a 5  L O 1  .l 2. ' 786 to 929 2.932 0.0513 

Eaes and Sharp (1981) suggested a m e a n  va lue  of 1.0 f o r  t h e  

1 o g , ~ i d  f o r  neptunium, v l t h  a corresponding s tandard  d e v i a t i o n  of 1.0 (see 

Table 1). Al la rd  et  al. (1977) reported K ranges of 10 t o  16 mL/g f o r  
clay/mud a d  25 t o  50 mL/g f o r  g ran i t e s .  Vandergraaf (1982) recommended a 

K of 40 t o  100 mL/g for  granites. 

d 

d 

Neptunium References 

Al la rd ,  Bo, H. K i p a t s l  and J. Rydberg. 1977. Sorp t ion  of long-lived radio- - 
nucl ides  i n  c l ay  and rock. ?art  1. Deterrninatioaa of D i s t r i b u t i o n  
COffiCieUts. KBS Technical  2eport  5 5 .  
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Heal th  Phyu. 42, 515- 520. 
aqua t i c  radioecology: 
i n  sea water, sediments and zooplankton. 

P re l i a fna ry  obeerva t foas  on neptunium behaviot 

~ohnston, H A  and B.U. Gillham. 1980. A review of s e l e c t e d  rad ionucl ide  
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Atomic Energy of 
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t i o n  of pH. NlJ'REGfCX-0997 U C U  12-1192. 32 pp. 

Routsou, R.C., C. Janeen and A.V. Robinsou. 1977. 241App, 23?ip and 94cc 
so rp t ion  on NO uni ted  S t a t e s  s u b s o i l s  from d i f f e r i n g  vea ther ing  i n t e p  
s i t y  areas. Health Phys. 33, 311-317. 

Sheppatd, J.D., J.A. K l t t r i c k  and T.L. Hart. 1976. Determinat ion of dis- 

Richland Operatione Of f i ce  COP 
t t l b u t i o o  r a t i o s  and d i f f u s i o n  c o e f f f c i e a t s  of neptunium, amerlclum and 
curium i n  eo i l -aquat ic  environments. 
tract Report, RLO-2221-T-12-2. 

Vandergraaf, T.T. :982. A compilat ion of s o r p t i o n  c o e f f i c i e n t s  f o r  radio- 
nuc l ides  on g r a n i t e s  and g r a n i t i c  rocks. Atomic Energy of Canada L i m -  
f ted ;Technical Record, TR-L20*. 

3 e 6  POLONIUM 

Polonium information Ln t h e  l i t e r a t u r e  is extremely scarce. 

Bismuth should behave s i m i l a r l y  t o  polonium, and also lead  and polonlun 

should behave s imi l a r ly .  

here (see Table 8)  comes from one r e sea rch  program (Haasen, 1970; Hansen and 

Watters, 1971). The chemical f o r a  of n a t u r a l  polonium i n  so i l s ,  r e s u l t i n g  

from the decay of radium, may be  similar t o  t h a t  of selenium (Hansen, 1970). 
Tellurium is a l s o  a member of Group V I A  of the  P e r i o d i c  Table and may behave 

s i m i l a r l y  t o  polonium. Polonium compounds v i t h  +2 and +4 ox ida t ion  states 
have been reported,  v i t h  the p re fe r r ed  ox ida t ion  state being 41 (Hansen, 

1970). 

* 

A l l  of the Kd in format ion  oa polonium repor ted  

Polonium in a i r  is gene ra l ly  found as polonium dioxide  ( P o 0  .$ 

65 Unres t r ic ted  unpublished r e p o r t ,  a v a i l a b l e  f r o m  SDDO, Atomic Energy of 
Canada Limited Research Company, Chalk River, Ontar io  KO3 1 J O .  
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The recornended Kd value means, standard devlatiooe, rang- a 
d i s t r i b u t i o n  parameters f o r  polonium by S o i l  type, ba8ed on Tabla 8 ,  are 

given io Table 9 .  

TABLE 9 

K FOB POLONIUX -i 

soil  R s .D. n K Range Logllolmal 
D i s t r i b u t i o n  

a 
Type ( A 9 6 1  ?W) 

P 

Sand 504 . 2 121s *35 13 to 7020 2.188 0.6574 
S i l t  692 5 53s 7 13 24 t o  1830 2,607 0.5789 

Baes and Sharp (1981) suggested a mean value ot' 2.7 f o r  the 

log!w<d fo r  polonium, u t t h  a corresponding s tandard  dev iac ioa  of 0.3 (see 
Table 1). The value f o r  p is higher ,  but the range of K values is 

narrower, than tecomended f o r  lead. 
d 

Polonium Ref erencee 

Baes TIS, C.F. and R.D. Sharp. 19818 Pted ic r ing  r ad ioauc l ide  leaching  from 
Oak Ridge Nat iona l  Labora- root  zone soil for asaesement app l i ca t ions .  

tory Report, CONF'810606-C4. 

Hansen, U.R. 1970. Polonium-210 Fn soils and p lan t s .  S p e c i a l  Report on 
U.S. Atomic Energy Coadseion Contract No. xT(11-1)-1733, COO-1733-11. 

Hansen, W.R. and R.L. Uatters. 1971. Unsupported 21%o02  f a  soil: Soil 
adsorpt ion and characcer izac ion  of soil s o l u t i o n  species. Soil ScL. 
112, L45-155. - 
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Plutonium, like americium, has been studfed extenmlvely be- of 
weapon8 t e e t i n g  in the  19508. 

sent& by Johnston and Gillham (1980) lndicates t h a t  

The sumarp on plutonium geochePFstry 

(1) pu* is conridered the  moac probable ox ida t iou  state In the ene-  

roamant because of reduct ion  of Pu* t o  Pu* by organic  materialo; 
reduction of Pu* t o  Pu* could occur  a t  pB < 6 under anaerobic  

condi t ions ;  

( 2 )  plutonium adsorp t ion  i s  a func t ion  of oxidation s t a t e  (pu& 
adsorbed l e a s  than Pu*+), organic  ma t t e r  conten t  and s o l u t i o n  pa; 

( 3 )  K~ values  f o r  plutonium repor ted  i n  the  l i t e r a t u r e  vere o f t e n  

obta ined  v i thout  knowledge of the o x i d a t i o o  state, and cau t ion  

must be uaed in i n t e r p r e t i n g  results t h a t  use t h e s e  Kd values .  

yoat K values i n  the l i t e r a t u r e  apply t o  ae rob ic  cond i t ions .  The r e c o w  

mended K value means, standard dev ia t ions ,  ranges and d i s t r i b u t i o n  para- 

Deters for plutonium by s o l 1  type, baaed ou Table 10, a r e  given Fn Table 11. 

d 

d 

TABLE 11 
K, FOR PLUTONIUM 
U 

S o i l  f S.D. n Kd Range Lognormal 
Type (a981 (&/g) D 1s tti bu t i o n  

CI 0 

Sand L .041xlO 1 . 5 6 8 ~ 1 0  19 33 t o  6 . 8 6 5 ~ 1 0  2.663 0.5964 
Silt 1.3871~10 3 . 0 8 3 6 ~ 1 0  ’ 8 230 to  9 .Ox10 3.474 0.7906 
Clay  4 -2842x10 6 e8934~10 ’ 13 316 t o  1.9~10~ 3.706 1.047 

I organlc  2 . 2 9 0 2 ~ 1 0  * 2 .8181x104 4 1 . 6 5 5 ~ 1 0  to 6 . 2 ~ 1 0  3.970 0.7469 
I 

! 
I 
1 

Baas and Sharp ( 1 9 8 1 )  suggested a mean va lue  of 3.3  f o r  the  

f o r  plutonium, v i t h  a correspondfng s tandard  dev ia t ion  of 1.0 (see 

I 
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I Table 1) 

both granite a d  clav/mud i~ 6.3 x Lo ' t o  1.6 x LO 
(1982)  reco-ndd a Kd va lue  range f o r  plutonium of 2.8 x 102 t o  

2.0 t 103 m ~ / g  f o r  grau i te .  

U r d  et a. (1977) repar ted  that t h e  p lu tou iup  gd range for 
mL/g. Varrdatgraf 

I 

i 
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Vandergraaf, T.T. 1982. A compilation of s o r p t i o n  coe f f l c i eaca  f o r  radio- 
nucl ides  ou grani te8 and granitic rocks. Atomic-Energy of Camda L- 
i t e d  Technical Record, TX-1209. 

Nothixq 011 Kd values o r  soil chaafatry f o r  protact inium vas f o d  
i n  the l i t e r a t u r e .  

used, o r  even 80- combination of tha values  f o r  t h e m  elmaeats,  such as 

i (TNu)  

We euggcst chat K valuea f o r  thorium o r  uranium be 
d 

T h e  Fncetactioa of tadlum with geological materials and s o i l s ,  and 

the environmental behaviour of radium have been docuprentad by Gillham e t  al. 

(198Lb); Xathuani and Phi l l fpe  (1979), a d  Sheppard (19801, respectively. 
The K value8 f o r  radium vary from 50 t o  1000 mL/g (Gillham e t  al., 1981). 
Johnston and Gillham (1980) summarized the lnformation relevant t o  K as 

d 

d 
f OllOW6: 

(1) Radium 1s present a8 Rate in the  pti range 4 t o  8 ,  and does aot 
readily fonh complex epecFes. 

( 2 )  Radium can be expected t o  c o p r e c i p f t a t e  with Bas,, carbonaces a d  
ferric hydroxides . 

( 3 )  Cation exchange is an important adso rp t ioa  mechanism, s ince  Kd 
valuea have been cor re l a t ed  t o  c a t l o a  exchange capac i ty  (CEC). 

* UnrestrFcted, unpublished repor t ,  avallable from SDDO, Atomic Energy of 
Canada Limited Research Company, Chalk River, Ontar io  KOJ LJO. b4 
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The recommended K value  meam, s tandard  dev ia t ions ,  raogea and d 
d i s t r i b u t i o n  p8ramatere f o r  radium by Soil  type, based on Table 12, are 
given in Table 13. 

TABLE 13 
K, FOR MDIUH 
U 

S a d  1 e 0 4 3 5 ~ 1 0  7, .0845xlO ' 3 106 to 3.8.10" 3.402 1.283 
Sflt 3 .Ox10 4 . 3 5 6 6 ~ 1 0 '  4 2 . 0 ~ 1 0 "  to  9 . 5 ~ 1 0 '  5.10 0.6862 
Clay 1.5637~10'  1 . 7 2 1 6 ~ 1 0  8 696 to 5 . 6 ~ 1 0 "  3.961' 0.5522 

The K values  f o r  stroutium may be used as a guide because of the d 
chemical similarity of radium and s t roat ium. Baes and Sharp (1981) 

suggested a mean value of 1.4 f o r  the l o g l S d  f o r  a t t o u t i m ,  with a corte- 
sponding s tandard  dev ia t ion  of 0.9 (see Table 1). Allard  e t  al. (1977) 

reported a Kd range for radium of 40 'to 79 fRL/8 for clay/mud and 63 t o  

LOO mL/g for g r a n i t e .  Vandergraaf (1982)  recommended a K range of 5 t o  
5000 mL/g f o r  granite. Since no d a t a  were found f o r  organic  80118, che 

radium K value f o r  clay, o r  the  s t ront ium K value  for organic  soil, is 
recommended. 

d 

d d 

Radium References 

h l l a r d ,  E., 8. K i p a t s i  and J. Rydberg. 1977. Adeotptian of long-lived . 
rad ionucl ides  in  c l a y  and bedrock. Par t  L .  D e t e r m i n a t h u  of disttlbu- 
cion coe f f i c i encs -  KBS Technical  Report 5 5 .  

Baea ISX, C.P. and R . D .  Sharp. 19810 Predfc t ing  rad ionucl ide  leaching  frm 
root  toue soil f o r  assessment app l i ca t ions .  Oak Ridge Nat ional  Labora- 
tory Report,  COW-810606-44. 

Cochran J . K .  and S.  Krishnaswaml. 1980. Radium, thorium, uranium and 
2 1 b b  i n  deep-eea sediments and sediment pore waters from t h e  nor th  
e q u a t o r i a l  Pac i f i c .  b e t .  J. Sci. 280, 849-889. 
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Barim and radium migrat ion in unconsol idated Caaadlap geological mace- 
riala. Atomic Energy Control  Board Report, LW0-0048. 

Johnston, iI.L and E.W. Gillham. 1980. A review of s e l e c t e d  rad ionucl ide  
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osphets  293-199. 
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of Canada Limited Report, A&=-6796. 

Vandergraai, T.T. L382. A compilat ion Of s o r p t i o n  c o e f f i c i e n t s  f o r  
nuclides on g ran i t e s  and g r a n i t i c  t o C k 8 .  

ired Technical  Record, TB-120*0 
Atomic Energy or Canada ~b- 

THOBILM - 3.10 

L i t t l e  information is a v a i l a b l e  in the l i t e r a t u r e  on thorium in- 
t e r a c t i o n s  i n  t h e  environment; however, fvo b r i e f  reviews of thorium &ads- 

try a r e  a v a i l a b l e  (Rancon, 1973; Sheppatd, 1980). Johnston and Cfllham 
(1980) summarized t h e  information r e l evan t  t o  K a8 f O l l O W 8 :  d 

(1) The p r i m a r y  thorilrm adsorp t ion  mechanism is ion exchange. 

( 2 )  In non-calcareous soils, chorium adso rp t ion  is extremely s e n s i t i v e  
to  i n i t i a l  thorium s o l u t i o n  coacent rac ions .  I n  o rgan ic  marerials, 
increased  pii causes  increased  h d c  a c i d  s o l u b i l i t y  and thorium 
complexation, r e s u l t i n g  i n  lower K values .  In ca icareous  s o i l s ,  
kd valuea a r e  high ( > LO mL/g), r e g a r d l e s s  of pH or  t h o t f u  con- 
cen t r a r ion ,  because of t he  buf fer ing  c a p a c i t y  of the soil and the 

p r c c f p i t a t t o n  of Th(OC1) ,+. 

d 

( 3 )  Kd values  a r e  genera l ly  high, ( >  LO 
i l ldicatlng limited tho r lua  migrat ion.  

mL/g), in d i l u t e  s o l u t i o u s ,  

The recommended K value means, s tandard d e v i a t i o n s ,  ranges and df. s t r i b u -  
t i o n  parameters for thorium by soil cype, based on Table 14, a r e  given in 

Table 15. 

* Uarestricted, unpublished r epor t ,  a v a i l a b l e  from SDDO, Atomic Energy 
Canada Limited Research Company, Chalk River ,  Ontar io  KOJ LJO. 
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. TABLE 15 

K, FOR TEORIUH 
Y 

29G9 

Baea and Sharp (1981) Suggested a rneaa V a l u e  of 4.8 f o r  the  

loglOKd f o r  thorium, with a corresponding s tandard  d e v i a t i o u  of 0.6 (see 
Table 1). Allard  e t  al. (1977) repor ted  K ranges from LO t o  316 a / g  and 

5 0 0  t o  1260 mt/g f o r  cfay/mud and granite, reSpeCCiYely. 

recoatmended a Kdvalue f o r  thorium of 850 mL/g f o r  g r a n i t e .  

d 
Vaadergraaf (1982) 
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UMtixlm - 3 .ll 

Sev8r.l r s v i k  of uranium chsaircxy exi8t (Hararat a& da a=, 
1980; Botovac, 1981; Sheppard, 1960), but fev Rd value. ham been repottad 
in tha literature. T h a  eumary on uranian geochedatzy presented by j a w  

sfon apd Gillham (1980) lndFcata6 that 

(1) tn  oxidizing envlrormmfa, U* coppouu& arm s tabla  a d  can pr.- 
c i p i t a t e ,  whereas U* fs stable in a reducfug enviroument and 

I 

vould precipitate aa UO 2; thua the oxidatioo-reduction atatua i a  
, important; 

( 2 )  eoluble uranim (U*) cap be adaorbed or reduced by organic mat- 

ter; if U 6  is reduced to U*, pracipltatioa CBU occur; 

( 3 )  uo2* can be adrorbed by clay minarab by cat&on exchange, but may 
alno fors cornpicuar v i t h  d o n e  such as carboarte or phosphate. 

Borovec (1981) fndfcated that Kd values for uranium fot clay mineral8 range 
fran 50 t o  LO00 mL/g and for peat from L O 4  to L O 6  mL/g. 

K value meane, standard deviations, ranges and distributioa parameters for 
uraniurn by soil type, based on Table 16, are given fn Table 17. 

T h a  recommended 

d 

TABLE 17 
K, POX URANIlTH 

Sand 8.065 11.22 2 0.13 CO 16.0 ~ 0.159 1.478 
Clay 2 . 6 3 4 9 ~ 1 0  4 . 5 5 9 7 ~ 1 0  j 3 200 . to  7.9~10 3 .543  2.040 

Baas and Sharp (1981) suggested a mean value of 1.6 for the 

log for uranium, vith a corresponding standard devlatioa of 0.6 (see 
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clap/mud and 4 to 13 &/g for granites. 

range of 0.4 t o  10 &/e for grarritea. 
Vandergra8f (1982) re-* a 

d 
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4 .  DISTRIBUTION COEFFICIENTS FOR FISSION PRODUCTS 

4 .l CAtCIUn 

Kd values for calcium repor ted  by Graham (1973) ami C r U  and 
Silva (1979) vary from 1 x LOm3 :a 9 .8  mL/g; however, t he re  is some 

confusion about t h e  units. 
a d  1900 mt/g for a s a d  and a muck 8011, r e spec t ive ly .  

chat t h e  K 

Vong et al. (1983) r epor t ed  Kd values  of 1117 
I t  is tecommemied 

valuea for s t ront ium be used for calcium (see -Sec t ion  4 .11 ) .  d 

Calcium References 

Graham, E.E.. 1973. S e l e c t i v e  d i s t r i b u t i o n  a d  l a b i l e  pools of micronutti-  
ent elemeacs as f a c t o r s  a f f e c t i n g  planc uptake. S o i l  Sci. Soc. a e r .  
proc. 37, 70-74. 

Graham, Z.R. and C.G. Si lva .  1979. Labile pools and d i s t r i b u t i o n  coefff-  
c i e n t s  f o r  eo11 calcium, magnesium, and potaaaium d a r e m i n e d  with e- 
change quilibria and rad io iso topes .  Soil Science 128 17-22. 

Wong, K.V., S. Sengupta, Do Dasgupta, E.L. Daly, Jr., N. Nemerou and B.P .  

-* 

Gerr t sh .  1983. Heavy metal migra t ion  In  s o i l - l e a c h a t e  systems. ai-  
cycfe  24, 30-33. 

ALlard e t  al. (1981) s tud ied  t h e  s o r p t i o n  of H * ' + C O <  on some 
s o l i d s  u i a g  t h e  batch technique-  

but appeared co inc rease  w i t h  increas ing  calcium con ten t  of t h e  s o l i d .  

Reta tda t loa  f a c t o r s  or' up t o  3 ( l e e o ,  three times slower t r a n s p o r t  of  14C 

than of water) were meagured f o r  calcFte. Concrete w i l l  probably r e t a i n  

most of  che 14C, and a r e t a r d a t i o n  f a c t o r  >LO might be expected f o r  a . 

bentonlte-quartz mixture (Kd = 2.2 x l oo4  mL/g). 

Fnfotmacion, a conserva t ive  t e t a r d a t l o n  f a c t o r  of 1, o r  a K of 0 mL/g, Fs 

recommended. 

The s o t p t l o n  of 14C was gene ra l ly  Low, 

Ovlng t o  the  pauci ty  of 

d 



Carbon Reference 

- 3 0 -  

x1 Lard, B O ,  
1 4 ~  i n  
Keport 

B. Tofateufer t  and KO Anderason. 19-1. Sorption b e & v i m  of 
groundwater/rock and in grouadwater /concrete  envirowuta. 
Prav 4.27.  

CESItm - 4.3 

d 
The work of Cfllham e t  ale (198la)  1s the mo8t ex teua ive  on K 

values  f o r  cesiua for Canadian so i l s .  Their s tudy  shoved that f o r  15 Cam- 

d i a n  s o l l s ,  K 
the re  vas  no s i g n i f i c a n t  c o r r e l a t i o n  between the  K value  and measured s0FL 
prope r t i e s  such as CEC, aajor catiau coacen t r a t ion ,  clay minera l  comosi- 
t i o a ,  organic  mattar contea t  and pH- In ante than  half of the samples, how 

ever ,  the K values  were r e l a r e d  s i g n i f l c a n t l p  t o  the M t U t a l  exchangeable 

ceaium c o a t e a t  of the  s o i l ,  and this must be accounted for in sorption 

s tud les .  

values fo r  cesium ranged from 1 x 10' to 2 x L O 4  a / g ,  but 
d 

d 

d 

The recommended Kd value means, s tandard  dev ia t ions ,  ranges and 

d i s t r i b u t i o a  parameters f o r  cesium, based on Table 18, are given in Table 

19. 

TABLE 19 
K FOR CESIUM 
4 

~~~ ~~~ 

Sand 2163 3226 26 LO t o  1.ox10 2.668 0.9332 
Silt i.1395~10 '* 7899 20 650 to 3 .Ox10 3.912 0.4227 
Clay  8379 1.3613~10' 5 65 t o  3.15~10~ 2.945 1.216 

Baes and Sharp (1981) suggested a mean value  of 3.0 for  tha  

log 10Kd f o r  ceslum, with a corresponding s t anda rd  d e v i a t i o n  of 0.8 ' (see 
Table 1). Allard e t  al. (1977) reported Kd ranges from 6 t o  32 mL/g and 32 

... 
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to  794 &/g fo r  chy/mud and granite, r e spec t ive ly .  

recotPPwdcd a Pdranga of 40 t o  LO00 &/e for granite. 
Vaadargraaf (1982) 

I 
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f i x a t i o n  fn r i v e t  suspensions and soils. ORO-4851-2. 

4 .G IODINE 

The moat extens ive  s tudy of i od ine  adso rp t ion  on soil was that of 

Wildung e t  al .  (1976). Johnston and Gillham (1980) have summarized the  

kaown a 0 1 1  chemistry of i od ine  as follows: 

(1) the most s t a b l e  form of iod ine  fn both ox id iz ing  and reducing 

environments I s  Fodide, f'. Because the predominant Iodine spe- 

cies is an anion, ion exchange vould not  be fmportant in soil 
adso rp t ioa ,  p a r t i c u l a r l y  a t  n e u t r a l  or high pH values.  

(2 )  organic  mat ter  appears  to be a s i g n i f i c a n t  f a c t o r  in i od ine  ad- 

sorp t ion .  

( 3 )  Kd values f o r  iod ine  range from 0.1 t o  50 mL/g, depending on the 

form of t h e  fodfne 'and the  pH of the  s o l u t i o n .  The maximum K 
d 

value would be obtained f o r  1' a t  a pH of 4 t o  6 .  

* Unres t r ic ted ,  unpublished report, available from SDDO, Atomic Eneqgy_ of 
Canada Limited Research Company, Chalk River, On ta r io  KOJ LJO. 85 



- 0.33 X + 0.09 Xj L iodide  ‘d 

= 0.027 X + 0.10 Xj 
Kd ’ methyl 2 

i odlde 

where x1 i8 the ~ i l t  coutent (range for equattoa development is 17.6 to 

x 2  1s the  clay carttent (range for equation developlpanr 1s 3.8 to 

X is the organic carbon content (range for equatfon developmeat 

58 . O X )  9 

4 6 . 6 % ) ,  and 

1s 0.23 to 28.8%)- 

The recommended K value meane, standard devlations, rauges and di6crlbtr 

cion patwetere by s o i l  type ( u s i n g  Equation ( 6 )  since it vi11 predict.the 

Lowest R value8 because methyl iodide is more h i g u y  mobile), baed on 
Table 20, are gfven in Table 21. 

. d  

d 

T U L E  21 
K FOR IODINE d 

so11 K SOD. n K Range Lognormal 
Type (mL4g) L I B )  Dietributlort 

CI 0 
~ ~~~ ~~ ~- 

Sand 0.SS14 0.3595 7 0.2 t o  1.210 -0.3404 0.2929 
s Ilt 0.9145 0 J 2 0 1  11 0.18 to 1.50 - 7 . 9 9 x 1 r 2  0.23Sl 
Clay 1.293 0 4 6 9 7  4 1.03 t o  1.83 9 . 9 5 2 ~ 1 0 ~ ~  0.1140 
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sand 3 1  7 0.18 - 
19 9 0.33 
22 18 2.05 

39.4 16.0 0.60 
29 5.8 0.45 

21.4 22.1 0.91 
20.0 3b.0 2.1 

Silt 50 34 9.8 
54 3 7  2.3 
53 L6 3.6 ' 

- 
3s 29 0.43 
36 29 0.41 
35 31 0 - U  

55 33 0.3) 
34 32 0.85 

A 1  11 1.27 

- 29.1 7.1 

50 6 0.21 
5 34 3 5  0.81 

32 36 1.0 
32 36 2.7 
34 56 3.2 

0.21 
0.28 
0.69 
0.20 
0.55 
0.70 
1.21 
1.00 
1.23 
0.79 
0.83 
0.82 
0.88 
0.96 
0.93 
0.94 
l.fO 

0.18 
1.01 
1.07 
1-24 
1.83 

The K range reported for methyi iodide fa soil was 0.1 t o  3.1 d 
.('dildung et al., i974). The multiple-regressloa equations were developed 

for mineral so i l s .  h single value of > 30 mL/g for charcoai is pertinenc t o  

organic soil ( N w a k ,  1981). Vandetgtaaf (1982) recommended a K value for 

iodine or' 0 mL/g, u n t i l  a cationic epecies of iodine I s  fdentified. 
d 

Iodine References 

&nee, L.L. and D.,Ral. i978. Radionucllde interactions with soil and cock 
media, Volume 1. U.S. Environmental Frotectioa Agency Report, EPA 
520/6-78-007. 

Johnston, 3 . M .  and R.U. Gillham. 1980. h review of selected radionuclida 
distributioa coefficients of geologic materials. Atomic Energy of 
Canada Limited Technical Record, TR-90*. 

Suo, A.S .R.  and S.A. Barker. 1970. The retention of etrontfum by soils as 
Influenced by pH, organic matter and saturation cations.  Soil Sei,* 87 
-' 109 1430L48. 
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Glover, P.A., P.J. Hinet and W.0. P O l Z 8 r .  1976. Plutouim a d  amarid- 
bebviour i n  t h e  eoi l /vatet  enviroumant. 1. Sorption of p i u t o d m  md 
amarici\rp by eoils.  In: Proceedings of the hctin.ideg&- 
tfom Uorking Heatingat Seattle, Ua8hington on 1976 Peb, LO-ll. 
telia Pacific Northwest Laboratories Report, BNvL-2l17, pp. 225-254. 

B.- 

ROU~SOU, B.C. 1973. A review of studiea 09 eoil-vaste r e l a t i o n s h i p  on t h  
Baaford Reservat ion from 1944 t o  1967. Battelle Paciffc Northvesc 
Labora tor ies  Report, BNwt-1464, UC-70. 

VadetgrMf, T.T. 1982. A compilation Of eotption c o e f f i c i e n t s  for radl- 
Atomic Energy of Canada ~ i p  U ~ ~ l L d 0 8  on g r a n i t e s  and granitic rocks. 

F t e d  Technical Record, TB-120*. 

Mildung, R.E., B.C. Routsau, B.J. Sam8 a d  T-B. Garland. 1974. ,Pertach- 
necate,  iodide,  aad methyl Iodide retention by surface soils. ~m-3~- 
5195 . 

4.5 HOLYBDENUM 

No data were found in t h e  L i t e r a t u r e  f o r  molybdenum; however, 
because of i t a  position i n  t h e  Pe r iod ic  Table, the K values f o r  t e c h n e t i u  
can be used for molybdenum. 

d 

t i t t l e  information exists f o r  soil a d s o r p t i o n  of n i cke l .  swanson 
(1981) reported a range o f  K values  f o r  nickel of 5.2 x LO t o  

1.2 x LO" mL/g f o r  a selected s i z e  f r a c t i o n  of Haaford soi l  (75  t o  150 pi) 

v i t h  a soil-to-solution ratio of 0.010 g/mL. 
use of organic complexants i n  the  Swanson experiments  I n d i c a t e  that values 

f o r  speclffc samples should not be uaed. 

d 

Coa t rad ic to ry  r e s u l t s  and the 

* Uarestricted, unpublished report, available from SDDO, A t o m i c  Energy o 
Caaada Limited Research Company, Chalk Rtver ,  Ontario KOJ L J O .  
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Gerritae et al. (1982) euggeated that the Kd v a i w  ran88 for 

n i c b i  ia L x 102 t o  L x  LO^ m ~ / g .  T ~ V  repor ted  

va lues  of 6 x 10 * and 3 -4 x 10 mt/g aad four ~t 8011 values of 3.6 x 10 2, 

6 x 102,  9.9 x 102 arui 4.7 x 103 m ~ / g .  WOW et ale (1983) reported xd 
v a l u m  of 604 and 1437 m ~ / g  f o r  a sa- and a muck 8011, renpectively. 

recommended values  of 1 and CY f o r  the K 
t h i s  information and d i s t r i b u t i o n  informat ion  for the  o t h e r  nuc l ides ,  are 

given in Table 22. 

sandy mineral Soil 

~b 
d i a t r i b u t i o n  f o r  uickal, baaad ou d 

TABLE 22 

RECOMKENDEII VALUES OF u AND a FOR NICKEL 

Soil Lognormal D i s t r i b u t i o n  
Type- CI a 

Sand 1.5 L .o 
S i l t  2 00 L .o 
c w  3 00 1.0 
0 r g a n i c  3 -0 1 .o 

Nickel References . 

G e r r f t s e ,  R.G., R. Vriesema, J . W .  Dalenberg and H.P. De Roos. 1982. E f f e c t  
J .  Enviroa. Quai .  of sewage s ludge  on trace element mobi l i ty  in eoFls. - LL, 359-364.  

Swanson, J.L. 1981. E f f e c t  of organic  complexants on t h e  mob i l i t y  of l o r  
Level waste rad ionucl ides  in soils: S t a t u s  r epor t .  P a c i f i c  Northwest 
Laboratory Report ,  PX-3927 ,  UC-70. 

Wong, K.V., S. Sengupta, D. Dasgupta, E.L.  D a l y ,  Jr., 1J. Nemerov and H.P. 
' Getrish. 1983. .Heavy metal migra t ion  in s o i l - l e a c h a t e  systems. Bio- 

cycle  28, 30-33. 

4 . 7  PALWIUN 

Yo specific information vas found on s o i l  a d r o r p t i o a  of pailadltnn. 

we suggest t h a t  the  K values  for n icke l  be used f o r  palladium. Vandergraaf d 

* 89 
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(1982) report& a range of 0 to  28 d g  f o r  the Kd of palladium for gtwa. 

Be recmxuid that a K value  of 11 &/g be used. 
d 

Palladium Eafareuce 

Vandergraaf, T.T. 1982. A compllat lon Of sorption c o e f f i c i e n t s  for radio- 
auc l ldes  on g r a n i t e s  and g r a n i t i c  rocks. Atomic Energy of L- 
fted Technical  Record, TB-1-20* a 

4.8 'RARE W T E S  - ?ERBIUM, SAHABIUn AND CEBI lM 

' 
Terbium, samarium and cerium are f i s s i o n  products,  a d  it is c o p  

venient  to d i scuss  these th ree  ra re-ear th  elemencs toge ther  because of tbi r  
c h e a c a l  similarity. Cerium waa the only  one of these elements f o r  which 

da ta  were found- 

ranges from 250 to  5000 &/g, ami reco=eLuted a value of 1000 a / g .  

e t  al. 
clay/ mud and 1000 t o  1.6 x LO4 mL/g fo r  g r a n i t e .  

suggested a m a n  value of 3.0 f o r  t h e  log ldrd f o r  cerium, with a correspoa- 
ding s tandard dev ia t ion  of 0 . 6 ,  and d Kd raage of 58 to  6000 mL/g (see 

Table 1) f o r  a l l  soils. We reconmend using the Values of Baea and Sharp f o r  

a l l  soil types. 

Vandergraaf (1982) repotted that tha Kd value  f o r  cerium 

Allard 
(1977) repor ted  a ICd raage f o r  cerium of 100 t o  10 000 I&/$ f o r  

Baea a d  Sharp (1981) 

Rare Earrhs References 

Al la rd ,  Be, If. K l p a t s i  and J. Rydberg. i977. Sorp t loa  of long-lived radio- 
nuc l ides  i n  clay and rock. Par t  1. Determinatlotk of D i s t r i b u t i o n  , 

Coef f i c i en t s .  KBS Technical  Report 5 5 .  

Baes LII, C.P. and R.D. Sharp. 1981. ? r e d i e t i n g  rad ionucl ide  Leaching from 
Oak Ridge National Labota- root tone soil for aases8menc a p p l i c a t i o n s .  

to ry  Report ,  CONF-810606-64. 

I Vandergraaf, TOT. 1982. A compilat ion of sorption c o e f f i c i e n t s  f o r  radio- 
nuc l ides  on g r a n i t e s  and g r a n i t i c  rocks. Atomic Energy of Canada L i m -  
f t e d  Technical  Record, TR-120*. 

* Unres t r i c t ed ,  unpublished reporc,  a v a i l a b l e  from SDDO, A t o m l c  Energy of _ _  
Canada Limited Research Company, Chalk River, Ontar io  KOJ LJO. 
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Elnokkary (1980) reported seleafm adoorption f o r  three S O L ~ ,  

which allowed the camputatiou of Rd values  of l o b s  2.2 and 2.5 mL/g 00 a 
c h p .  so i l  and tva silty s o i l s ,  reepcctfvely. 

reported a Kd valua of - 50 mL/g f o r  liSeOj‘ adsorp t ion  on ca1ciurPmoatpot~- 
loaite a t  a pE of 7 .  

t o  73 &/g f o r  selenate adsorpt ion on sandy Soils.  

are ava i lab le ,  we suggest that the ValwS for poloafurn be used’ for aseess- 

Frost and Griffin (1977) 

Siogh e t  al. (1981) reported ICd values  ranging from 3 

Since i n s u f f i c i e n t  d a t a  

neat  purposes. 

Selenlrnn References 

zlaokkarp, I.E. :980. Selenium d i s t r l b u t i o a  chemical f r ac t fona t ion  and 
adaorptloa in some Egyptian alluvial and Lacustr ine 9011s. z. p f b p  
zeaernaehr. Bodenkd . , 143, 7 4-83 

Frost, R.S. and R.A. Grif f in .  1977. Effec t  of p€l On adeorpt iou of arsenic 
and seieaium from landfill leachate by clay minerals. Soil S c i .  SOC. 

tuner. J. 5 53-57. 

Sfngh, H., !I. Slngh a d  P.S. Relaa. 1981. Adsorptloa and desorptfon of 
s e l e n i t e  and se l ena te  selenium on d i f f e r e n t  soils. Soil sci. 132 

-7 
134-141 

SILVER - 4.10 

Little information e x i s t s  f o r  s o i l  adsorp t ion  of s i l v e r  and no 
s p e c i f i c  s o i l  Kd values were found- 

formaefoa f o r  copper be Used f o r  s i l v e r  because of t h e i r  proximity i n  the  

Cousequently, i t  is suggested tha t  in- 

Periodic Table. Ger t i t8e  e t  al. (1982) suggested t h a t  the K value range 
f o r  si lver Fa 1 x l o 3  t o  1 x 10’ mL/g. 

and 5 .6  x 10 

4 . 4  x 103, 1.7 x LO‘, 2.2  x LO‘ anti 3.3 x LO’ &/g f o r  copper on peacy soil. 
Values f o r  copper also ranged from 5.5 x L O 4  t o  1.2 x 10 

0.9 meq CaW/g dry peat. 
of 206 and 197 mL/g for  a sand and a muck soil, respec t ive ly .  The recom- 
mended K d i s t r i b u t i o n  parameter values f o r  s i l v e r ,  baaed on t h i s  fnforma- 
t i on ,  on the d f s t r i b u t i o n  informatioa f o r  the  o the r  nucl idee and on Tab1 

23, are given in Table 24. 

d 

values of 

They reported K values of 1.6 x 102’ d 
mL/g f o r  copper on sandy mineral  soil, “ a d  K d 

mL/g f o r  0 to 

Yon6 et al. (1983) reported Kd values for  copper 

el) 
d 

e,”. 

. 9 1  “a 
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TABLE 24 

RECOMkfENDED VALUES OF u AND a FOR SILVER 

Logoormal Distribution 
n Sofl Type CI 0 

Sand 1.726 
S i l t  2.090 
Clay 4 .O 
Organic 4.184 

0 9988 
0 5678 

4 
3 

0 -3792 4 

Silver Ref erencea 

Cerritse, R.C., 2. Vriesema, J . U .  ,Dalenberg and H.P. De Roos. 
of sewage sludge on trace element mbf l i ty  in so i l s .  ;982. ';ffect 

3 .  Enviroa. ~d. 
11 359-364. -' 

Graham, E.R. 1973. Selective distribution and labile pool6 of rnicronutri- 
ent elemencs aa factors affecting plant uptake. 
Proc. 37, 70-74. 

Sof l  Sci. SOC. ut. 

Uong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P. 
Gertish. L983. Yeavy metal mtgration in soil-leachate systems.  io- 
cycle 24, 30-33. 

4.11 STRONTIW 

The most extensive report o a  strontium K values for Canadian 

(L981a). 
d 

s o i l s  is the work of G i l l h a m  et al. 
values ranged from 2.5 to 1 x l o 2  mL/g. 

tium "in some or possibly many circumstances vould migrate at velocities 
smaller than the groundwater velocity but at velocities vhlch nevertheless 

For L5 Caaadian 80118, the Kd 
The study also shoved that strop 

could be significant." 

The recommended K value means, standard deviations, ranges and 
d 

distribution parameters for strontium by sol1 type, based on T a b l e  25, are 

diven in Table 26. 
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TABLE 26 

K, FOR STRONTXUM 

23c9 

~~ 

S a d  26 a 0 2  30 -21 26 2.0 to 114 1.162 0.4966 
1.436 0.4254 S i l t  49.49 72.44 20 

C b Y  449 02 415 07 6 8.0 to llfO 2.286 0,8239 
8.0 t o  300 

Baas and sharp (1981) SUBgetBted a m e a n  value of 1.4 f o r  tha 

108 f o r  stroatium, with a corrcrpooding standard devia t ion  of o .9 (6- 

Table 1). values for st ront ium determined f o r  var ious pure clay amrds 
ranged from 0.2 to 9 .O mL/g (Wahlberg e t  1965) K values  d e t e r m i d  

f o r  various miaerale ( iacludiq clay miaerala)  ranged fraa 0 m ~ / g  f o r  quartz 

to 2.1  x 103 mt/g for alumina (both a t  pH 7.5) in a na tu ra l  water s o i u t i o n  

a d  frlmr L mt/g for quartz t o  1.41 x Lo3 a / g  for alumina (both a t  pH .I 7.0)  

in a 0.1 moL/L sodium nitrate e o h t l o o  ( ' h L U t a ,  L972). Palmer et al.  (1981) 
also reported exreasive r e s u l t s  for S t t O n t h n  so rp t ion  oa pure clay, clay/ 
silica and alumiaa/clay for Various s o h t i o n  compoaitiona and pH. Allard ec 
al.(1977) reported a Rd range of 20 to 63 mL/g for clay/mud and a range of 3 

t o  16 mt/g f o r  g ran i t e .  Vaadetgraaf (1982) recomneaded a K range f o r  

strontium of 0.6 to  600 mL/g for grani te .  

IC d 

d 

d 
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nucl ides  in clay and rock. Part 1. Determination of D i s t r ibu t ioa  
Coeff ic ients .  KBS Technical Report 5 5 .  

Aleksakhia, R.M. 1965. Radioactive contamination of s o i l s  a d  plants .  
USAEC Report AEC-tr-6631. 

Baes KII, C.F. and R.D. Sharp. 1981. Pred ic t ing  radionucl ide leachlag from 
root zone sol1 f o r  assessment appl ica t ions .  O a k  RLdge Nat ioaal  Labota- 
t o r y  Report, CONP-810606-14. 

96 



'dajek, 3.P. and L.L.. b e e ,  Jr. 1968. S t rout ium a d  cesium e q u i l i b r i m  
d i s t r i b u t i o n  coe f f i c i en t s :  Batch and coi- d e t e m i n a t i o n a .  Battelh 
Pacific Notthwest Labora tor ies  Report, BWL-481-3. 

Yamacra, J. and 8. Verkerk. 1977. aevlev of Nether lande p rogrm f o r  g- 
Nuclear Power aad it8 p w  l og ic  disposal of r a d i o a c t i v e  vasce. 

Cycle. 
In: 

Interoat iord Atomic Energy A e z y  Report, UKA-~i-36/289 . 
JUO, A.S.R. a d  S.A. Barber. L970. The r e t e n t i o n  of strontirnn by soi ia  

influenced by pK, organic  a r t e r  and s a t u r a t i o n  cations. 5011 sei. 

-9 109 163-148. 

Palmer, D.A., S.Y. Shfao and R.E.  Meytr. 1981- Xdaorptfoa of nucl ides  on 
&tures  OK minerals.  Inorg. Nucl. Chem. s, 3317-3322. 

?a t t e r son ,  R.J. and T. Spoel. L981. Laboratory measuremanta of the str0- 
t h a t  d i s t r l b u c i o n  c o e f f i c i e n t  KdSr f o r  sedimencs from a shallow s a d  
aqui fer .  Water Resour. Zen. 17, 513-5200 

Ra!qon, D. 1972. Practical u t i l i za tFoU of the d i s t r i b u t i o n  c o e f f i c i e n t  f o r  
the measurement of the r ad ioac t lve  contanrlfmtion of mfnerals  in r o c b ,  
soil and subte;rane+ vacer  
m- t r ans -331 ,  Report-R-4274. 

Cardarache Nuclear C U  Research Center,  

Xhodes, 3.U. 1957. The effect of pH on t h e  uptake oi r ad ioac t lve  i so topes  
from s o l u t i o n  by a soil. Soil Sc. Am. Proc. 21, 389-392. 

Zoutsoa; R.C. 1973.. A review of s t u d i e s  00 soil-waste r e l a t i o n s n i p s  on t h e  
3aniord Reservacioa srom i944 t o  1967. aactel le  Pacific Nortnwesc 
Laborator ies  Reporc, 9NWL-1464, UC-70. 

Schmalz,  9.L. 1972. 2adionucl ide  d i s t r i b u t i o n  i n  soil mantle of t h e  iftho- 
spnere as a coasequence of waste d i s p o s a l  a t  the  Nat iona l  Reaccot Test- 
ing Sta r ion ,  USAEC Report, 130-10049. 

Sarne, %..I., D. R a l  and S.J. P h i l l i p s .  1978. Xoni tor ing  and physical  char- 
a c t e r i z a t i o n  of unsa tura ted  zone t r anspor t :  Laboratory analysis. 2 
Yuclear Waste Management Quar te r ly  Progress  Report 1977 0ct.-Oec. 
Pac i f i c  Northwest Laboratory Report, PNL-2377-4, UC-70. 

Tamuta, T. 1972. Sorpt ion phenomena s i g n i f i c a n t  i n  rad ioacc lve  waste dfs- 
posal. g. i'nderground Wasce Hanagemenc and Environmental Implica- 
tions. a e r .  Aseoc. ? e t .  Gsol. Hem. L8, 318-330. 

97  



Yahlbsrg; J.S., J.B. Baker, R.Y. Vernon and B.S. Dewar. 1965. E a - 8  
ad.orpcion of st ton tit^ on clay miaerrls. U.S. c-l. sum. a a . ,  
116O-C, U.S. Coverumant Printing Offics, Uaohingtoo. 

4-12 

Tha environmental behavlour of technetium has recently beau re- 
viaued (Turcotte, 1982). as has the chamistry of techneeium (Paquecte a t  

al., 1980). 
ditioos (i .e. ,  in geological fonnatious), &ere it  ia less soluble. Tee-= 
tlum, hovever, aovcs w i t h  the groundwater In aerated soils of  lw organic 
carbon couteat. Johnaton and Gillham (1980) fatticatad that 

Technetium migration Fa geaerally retarded uader r e d u c w  COW 

(1) because the pertechnetate Ion, T a b - ,  1s tha moat stable spacia. 

of technetium in aqueous 90lUfiOO8, TCO~- -11 not ka subject to 
fon exchaage; hence, technet:- ViU s h w  Littie adeorptfoa t o  

s o i l ;  

( 2 )  in soils v l t b  appreciable orgauic matter, Tc' !nay b e  reduced t o  
Tc* and adsorbed. . 

The recommended K value means, scandatd deviations, ranges and d l s t r f b t r  

cion parameters for technetium by e o i l  type, baaed o n  Table 27, are given In 
Table 28. 

d 

TABLE 28 

K, FOR TECBNETIlTM 
Y 

Soi l  K SOD. n K Range Lognormal 

w a 
(ah L / g )  Dfatributlon 

~~ ~~~~ ~- 

Sand 29.39 100.1 15 L . O X ~ O - ~  to 388 -1.168 1.565 
Silt 1 a426 3 .a69 8 l.oxLo-3 to 11 -1.332 1.230 
Organic 118.4 L92 a 0  3 0.24 to 340 1.029 1.581 

* Unrestricted, unpublished report, available from SDDO, A t o m i c  -Energy of@ 

98 Canada Lfmited Research Cornparty, Chalk River, Ontario KW 1 J O .  - -  
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Organic 
CEC PU Carbonate Carbon S a d  s llt C b Y  

(=q/lOO g> x 

a d  euggested that tha R 
They also suggested a predict ion equation of tha form 

f o r  technetlux rang- fraa 0.007 t o  2.8 a/& d 

= 0.08 5 - 0.09 Xt Kd (7) 

where ;4 fa the organic carbon conrenr., 

X is the pii. 
4 

Vadergraaf (1982) recommended a Kd. range for  technetium of 0 to 80 mL/g f o r  
granites. 

Technetium Kefetencea 

Baes 111, COP* and R.D. Sharp. 1981. Predict ing radionuclide leschfng from 
root zone soi l  for asaesemenc applications.  O a k  Ridge Natioual Labora- 
t o r y  Report, ca~~-810606-64. 

Balogh, J-C- and D.F. Grigal. 1980. S o t 1  chromatographic movement of 
through se l ec ted  Minneeota soils. Soil Science 130 278-282. 

Franz, J . A . ,  Ley. Xartln and D . J .  'diggins. 1982. aehavior of reduced 9% 
Pacific Northwest Labora- I -9 

and '"C organic complexes 00 Hanfotd soil. 
tow Report, PNL-4 178,  UC-70.  

t 
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3orthve.c Laboracory Report, PNL-3304. 

Pacific 
-, 1 

I 

Johasfou, H.H. and ROW. G i l l h a m .  1980. h review of selacced r a & i o ~ ~  
d i s t r i b u t i o n  c o d  f f c i e u t s  of geologic materials . 
Caaada Limited Technical Record, TR-90*. 
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fn reiatioo t o  e o i l  cypa, contilrafuatiau level and time. P h o t  u. soil 
d 6 1  403-412. 

Nouak, E.J. 1981. Composite b a c k f i l l  materials for radioactive uaeta 1- 
S c f e n t i f i c  -is Nuclear Waste -6- 

Paquerte,  J., J.A*K. Reid a d  E.L.J. Rosingar. 1980. Review of techneciw 

lation by deep burial fn salt. 
menr 2, 545-552. 

behavior In r e i a r i o n  ta wcieat vaeca disposal. 
Canada Lfdted Report,  =-2S*. 

A t o m i c  Emrgy of 

Ftoucson, R.C., C. Jaosen and A.V. Robinson. 1977. 241Am, i37Np, and 9 4 1 . ~  
so rp t ion  ou cuo United States s u b s o i l s  from d i f f e r i n g  weathering i n t e r r  
sicy areas. Health Phys. 32, 311-317. 

Serne, R.J., D. Rai and S.J. P h i l l i p s .  1978. X O o i t O r i . n s  and phyeical c h . r  
a c t e r i z a t l o n  of .unsa tura ted  zoue t r a n s p o r t :  Laboratory aaalysis. In: 
Nuclear Ua6te HanagefatUt Quar te r ly  PtOgte88 Report 1977 Oct.-Dec,, 
P a c i f i c  Northwesc Laboratory Report, PNL-2377-4, UC-70. 

- 

Sheppard, H.I., T.T. Vandergraaf, D . 8 .  Thlbault and J . X * K *  Reid. 1983. 
Technetium and uraalum: 
sand. 3 e a l t h  Phys. rtb, 635-643. 

Sotp t ion  by and plant uptake from peat a d  

Tutcot te ,  H.S. 1982. ZnvlroPmental behavfor of technetiurn-99. :.I. du 
Pout de Nemours C Co., Savannah Rlver P l a n t  and Laboratory Report, 
DP-1644, tic-11. 

Vaadergraaf, Tb'11. 1982. X compilation of s o r p t i o n  c o e f f i c i e n t s  f o r  radio- 
nuct ides  on a r a n i t e s  and granitlc rocks.  Atomic Energy of Caaada L i p  
lted Technical  Record, TR-120*. 

Uflduug, R.E., ROC. Routsou, R.J. Serne and T.R. Garland. 1974. Pertecfr 
ne ta t e ,  fodide, and methyl Lodide t e t e n c l o n  by s u r f a c e  soils. aattelle 
Pacific Northwest Labora tor ies  Report, BNWL-SA-5195. 

Garrltse ec a l .  (1982) suggested chat the Kd value for t in ranges 

Gie recommend t h a t  che K d i s t r i b u t i o n  infor- from A x lo2 t O  1 x 10' &/g. 

n a t i o n  f o r  lead b e  used f o r  tin. 

* Unres t r ic ted ,  unpublf shed r epor t ,  available from SDDO, Atomic Energy o i  

d - 
- 1 0 8  Caaada Lfmiced Research Company, Chalk Rfver ,  Ontar io  KDJ 1 J O .  
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B h o d ~ '  (1957) repor ted  Kd vai- r a W q  froo 90 &/e (pi i  - 6.0) 

t o  2 1980 u,/g ( p a  - 2.7,  3 .5,  4.4, 8.4 anti 913) f o r  z i r c o n l ~ a i o b l r n r  a- 
sorp t ion  on W o r d  subsoil. From this informatioa, in t h e  p 8  range of 

interest f o r  su r f ace  soil (pH = 5 +to 8, a sandy Soil)  , zirconiua has au 
average K of 164 mL/g. T b i s  appears  to a g r e e  well vith t h e  R. for  niobim 

d a 
of 210 &/g recommamded for granite (Vandergraaf,  1982). Vandergraaf ais0 

recmendcd a K 
Allard e t  ai. (1977) repor ted  a K range f o r  zirconium of 50 t o  1000 u&/g 

f o r  clay/uud ami 1250 t o  6300 mL/g f o r  g r a n i t e .  

range f o r  ZltCOnltnn of 1000 tO 6000 mL/g f o r  gran i te .  
d 

d 

Baaed on t h i s  lafonnatiao, the recommended meaP of t h e  l o g n o ~ l  

d i s t r i b u t i o n  f o r  zirconium and niobium Fs 2 - 5  v i t h  a standard devlatioo of 
1 .O. aecauae Faformation is i n s u f f i c i e n t  t o  break i t  dowa by s o i l  type, one 

value is recommended f o r  d l  soil types. 

ZircoaturP and Niobium References 

b l l a rd ,  8.. Ha K i p a t s f  and J. Rydbetg. 1977. Sorption or' long-lived radio- 
nucl ides  Fa c lap  and rock. Parr 1. Determinactoa or' Distribution 
Coeff ic lan ts .  KBS Technical Report 55. 

Rhodes, D.U. 1957. The esfect of pH on the uptake of tadloacttve isotopes 
from soLutioo by.a soil. Soil Sc. Am. Proc. & 389. 

Vandergraaf, T.T. 1982. A compllaclon of s o r p t i o n  c o e f f i c i e n t s  f a t  radio- 
htomlc Energy of Canada LFm- nucl ides  on g r a n i t e s  and g r a n i t i c  rocks. 

Fred Technical accord, TR-L20*. 

* Unres t r i c t sd ,  unpublished r e p o r t ,  a v a i l a b l e  from SDDO, htomlc 
Canada Limlted Research Company, Chalk RLver, O a t a t i o  KOJ 1 J O .  
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5 0 1  . ANrx?fom 

Tha 'd 
No s p e c i f i c  s o i l  Kd informatian vas forupd f o r  ant-my. 

.talus f o r  lead are recommeutied f o r  anelnoup, because of i ta  p t o x u t p  to 

lead i n  the  P e r i o d i c  Table. 

~ i t t h  information vas found oo boron adrorptLoa on eoiis; h o p  
Sver, :here is some ind ica t ion  C h a t  adsorp t ion  1s inf luenced by soil texture 
a d  t h e  preeence o i  so lub le  salts  and exchnnpeable C a t l O ~  (Cupto, 1980). 
aoroa adso rp t ioa  information repor ted  by Keren and O'Connor (1982) f o r  1p100c- 

morillonlte and I l l i t e  ind ica ted  t h a t  the Kd value f o r  boron f o r  t he re  putla 

clays could be as high as 20 mL/g. 

f o r  a o i l o  may be i n  the raoge 0 to LO mL/8. Ye recommend a va lue  of 1 a / g  

f o r  assessment purposes; the iognormai d i s t r i b u t i o n  parameter va lues  cannot 

be given. 

rhot work suggested that the Rd value 

Boron References 

C u p t a ,  I . C .  1980. Zqullibrlum adso rp t lon  of boron at3 a f f e c t e d  by texture, 
s a l i n i t y  and a l k a l i n i t y  of soil. A n e r e  Arid Zoaa L9, 243-248. 

Keren, 3. and G.A. O'Connof. 1982. 2ffeCt  of exchanseable i o n s  and i o n i c  
s t r e n g t h  on boron adoorpt ion by montmori l loni te  and i l l i t e .  
Xlner. 36, 341-316. 

Chye C k y  

Host of t h e  vork carried out  with cadmium haa been Fn response t o  
environmental' concern8 about t h e  a p p l i c a t i o n  of sewage s ludge  t o  a g r l c u l C u r  

a1 l a d .  The so rp t ion  of cadmium on soils and sedlmants haa beca s tud ied  by 
Poelstra e t  a l .  (L979), 2endell e t  al. (19801, Headrickson and Corey (1981). 

and Getrltee e t  al.  (1982). T h e  recommended Kd valua IRBBUE, s tandard  devla- 
tions, ranges a d  d i s t r i b u t i o n  parameters €or  cadmium,. based oa T a b l a q ( l )  

are given i n  Table 30. 1 0 3  
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S a d  189 07 194 *L 5 47.6 to  500 2.495 0.0391 
Silt 33.93 36 -56 3 9.8 to 76 1.359 0.0605 
Organic 4266 6LLO 8 23 t o  L.~xW 2.880 1.090 . 

Hendrickaoa and Corey (1981) reported K data from eevcrai 
d 

auchors, a d  their p l o t  Indicated that tha Kd raage is 0 to 6 mL/g and is 
siqnificsatly depeuaent on both the cadmi- and calcium content8 of the 

3011. 

s o i b  ranging fraa L x l o 3  to 1 x 10" mt/g. a d  ttu K 

t o  apacfffc a o l l  eurface area. 

Havrot et al. (L978) reported Kd valuer for  cadmi- for f ive  I8r8eli 

vaiua w a a  cotreiotad d 

Cadmium Ref ereaces 

Carcla-Hiragaya, 3 .  1980. Specific sorptlou of trace amounts of cadmi= 
soils.  Commune S o i l  Sci- elant Anal. 5 1157-1166. 

Cerrltee, K.C., E. Vtlesema, J e w -  Dalenberg and H.P. D e  Roos. 1982. Effect 
J. Enviroo. quol.  of sevage sludge on trace e l a n t  mobility in soils. 

11, 359-364. 

Hendrickaou, L.L. and 8.8. Corey- 1981. Effect of equilibrirnn m e t a l  c m  
centrations on apparent s e i e c t i v i t y  coe f f i c i ent s  of soil compieree. 
s o l 1  Science 13r, 163-171. 

exchange characteristics i n  eome Israe l i  soils. 
505-511 . 

Navtot,  So, A. Singer and A. Banin. 1978- Adoorptioa of cadmlm and its 
J. soil sci. 2, 

Poeletra, Pa, H0.J- Friaeel and N. El-Bassam. 1979. Transport and accumu&= 
tioa of Cd loa8 in so i l s  and plants. 2. Pflanzenemaeht. Bodenkd. 
L42, 818-864. 

Rendell, D.S., G.E. Batley and A.J. Cameroa. 1980. hdaorptfon as a control 
of mecal concentratloa~ in sedimanr extracts. Environ. Sci. Technoi. 
L4, 314-318- 
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Tellurium Reference 

Allatd, Bo, E. R f p a t s i  and J. Rydberg. L9f7 .  AdrorpcLoa of lopkliyQd 
radionuclides ln cia9 and bedrock. P a r t  1. Dateemination of d i r e r i k  
tim coefficients. K B S  Technical Report 59. 

5.5 

Cerritse e t  al. (1982) euggcated that tha K valucs for both zinc d 
and cadmirnn range frm 1 x LO3 t a  L x L O 4  rnL/g, a d  their  data for sandy a d  

organic so i l s  e h w  that the tyd elements exhibit very similar sorption be- 

hawiour. The recotmneadcd K value means, standard deviacioaa, ranges and 
distribution parameters for zinc, based 00 Table 31,  are given In Table 32. 

, d  

TABLE 32 
K, FOR ZINC 
Y 

LognoraaA 
Die ttibutioo 

CI 0 
-~ ~ ~~~ ~ ~~ 

Sand 622 -0 911.6 5 0.1 t o  2120 1.762 1.694 
s 5lt 5 1  08 68 17 2 3.6 co 100 1.278 1.021 
Organic 409 2 4909 6 70 t o  L.3~10" 3.185 0.83 
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Graham, E.R. 1973. Selective diettibution and labile poola of dcromtfi- 
enc dements as f a c t o r s  affecting p l u r t  uptalrr. 
Ptoc. 3 70-74.  

Soil scf. SOC. dp~. 

Wolf, A., g. B u a z l ,  P. DletL and W.P. S c h d d t -  1977. Effect of calcim 
ions 00 ttm ab8orpt lon of Lead (Z+), copper (PI,  MUI. (2+) 
( 2 9  by h u n k  substances.  

zi= 
Chemorphere 5, 207-213. 

Wong, K.V., S. Sengupta, D. Dargupta, E.L. Ddy, Jr., N. Narurw aad H.P. 
Cerriah.  1983. Heavy metal migratioa In soil-leac&te 87aC-e BLO- 
cycle 24. 30-33.  

5 .  COI?CLUSIONS 

The pauci ty  of Kd values  f o r  o rgan ic  soil fa the moat striking 
obeetvat ion from a u t  revfew of the l i t e r a t u r e .  Plutonium, lead, technacfunr, 

cadmfum and zinc vere the  only nuc l ides  f o r  vhich more than tvo K, vaiuea 
have been 

frnportaa t 

soils f o r  

a 
determined f o r  an organic  soil (see Table 33).  
obeervat ion is t h a t  very l i t t le  work haa been doae wi th  minera i  

8- of the more mobile nucl ides  w l t h  Kd values  up t o  100 mL/g, 

The next  moat 

such ae uranium, technetium, molybdenum, iodine, selenium, carbon, boron, 

and te l lur ium. There may be good teaeons why mora K uotk i a  not vatratteed 
f o r  these nuc l ides  in t he  Canadian v a s t e  managemant program, such as the 

formatloo of  pracipicates o r  reduccioa t o  an immobile s p e c i e s  in t h e  v a u l t  
or geosphere. Our major recomeadat ion  i e  t h a t  e f f o r t  be d i r e c t e d  towards 
the  chemistry ( inc luding  parameter determina t ion ,  i .e . ,  Kd deterd .na t io t t8)  

of organic a o i l s ,  and Ln partfculac the r e a c t l o n e  of urauiua, techuetlua, 
iodine,  seienium and carboa v l t h  organic  8011s. In  s p i t e  of the limited 
d a t a  base, lt 18 poesible  t o  e e l e c t  reasonable  K d f e t r i b u t i o n  parameter 
values  f o r  moat nucl ides  f o r  Long-term waste maaagement aeeeerment 

purposes 

d 

d 

1) 1 0 8  
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A v u m n m  OF L DATLL FOE EACE NUCL~IE Bp son Tyw - 

Soi l  Type 

C r . 7  Or6.lrfC NucUde S.od S f l t  

X 
X 
X 
X 
X 

X 
X 
X 
x 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

X 

X 
X 
X 
X 
X 
X 

x X 

X X 

X X 

X X 
X X 

Ac thlm 
Amricfup 
Antlmoxy 
B i r P r u t i  
Boron 
cadmium 
Calciup 
Carbon 
C e a l l m  
IdiM 
LeAd 
!lolyMenum 
Neptunium 
N i  ckal 
Palladim 
Plutoniup 
Polonium 
Pto tac t idm 
Bdim 
Rare Earth 
Selenium 
Silver 
S trootiurn 
Technatirrp 
Tellurium 
rhorim 
rin 
Uranium 
z i  ILC 

Zirconi= 6 Niobim 

x 
X 

X 
x 

X 
X 

X 
X X 

x X 
X X 

X X 

X X 
X X 

X X 

X X 
X x 

X X 
X X 

X 

X 
X 

X 
X 
X 

X x X 
X X 

X 

X denat- 2 or fever itd value.. 
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